= Plasma 
= Physics 
d and - 


*-Engineering® 


second edition 


Alexander Fridman 
Lawrence A. Kennedy 


E) CRC Press 
Taylor & Francis Group 


Plasma 
Physics 


and 


Engineering 


second edition 


Plasma 
Physics 


_and 
Engineering 


second edition 


Alexander Fridman 


Drexel University, Philadelphia, USA 


Lawrence A. Kennedy 


University of Illinois at Chicago, USA 


CRC Press 
Taylor & Francis Group 
Boca Raton London NewYork 


CRC 
Taylor & Francis Group, an informa business 


CRC Press 

Taylor & Francis Group 

6000 Broken Sound Parkway NW, Suite 300 
Boca Raton, FL 33487-2742 


© 2011 by Taylor and Francis Group, LLC 
CRC Press is an imprint of Taylor & Francis Group, an Informa business 


No claim to original U.S. Government works 


Printed in the United States of America on acid-free paper 
10987654321 


International Standard Book Number-13: 978-1-4398-1229-7 (Ebook-PDF) 


This book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been 
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the 
validity of all materials or the consequences of their use. The authors and publishers have attempted to trace the 
copyright holders of all material reproduced in this publication and apologize to copyright holders if permission to 
publish in this form has not been obtained. If any copyright material has not been acknowledged please write and let 
us know so we may rectify in any future reprint. 


Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmitted, 
or utilized in any form by any electronic, mechanical, or other means, now known or hereafter invented, includ- 
ing photocopying, microfilming, and recording, or in any information storage or retrieval system, without written 
permission from the publishers. 


For permission to photocopy or use material electronically from this work, please access www.copyright.com 
(http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, 
MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety 
of users. For organizations that have been granted a photocopy license by the CCC, a separate system of payment 
has been arranged. 


Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for 
identification and explanation without intent to infringe. 


Visit the Taylor & Francis Web site at 
http://www.taylorandfrancis.com 


and the CRC Press Web site at 
http://www.crcpress.com 


Contents 


PROTA CO rie snaa d gig SA wih a hee uneied Bo Sa a Mine N ans xxxi 
Acknowledgments..........0 6000s ccc c enanat eena E cee eee eee ence eae xxxiii 
Atith OI re AE E E E E S XXXV 


PartI Fundamentals of Plasma Physics and Plasma 


Chemistry 
1. Plasma in Nature, in the Laboratory, and in Industry ........... 3 
1.1 Occurrence of Plasma: Natural and Man Made ............. 4 
1:2; Gas Discharges 1. s.vceni vanced Pee bh RR ee ea 6 
1.3 Plasma Applications, Plasmas in Industry ................. 8 
1.4 Plasma Applications for Environmental Control ........... 10 
1.5 Plasma Applications in Energy Conversion ............... 11 
1.6 Plasma Application for Material Processing............... 13 
1.7 Breakthrough Plasma Applications in Modern Technology ... 14 
2. Elementary Processes of Charged Speciesin Plasma........... 15 
2.1 Elementary Charged Particles in Plasma and Their Elastic 
and Inelastic Collisions .... 2.0.0.0. 0. cc ee eens 15 
Ql cM. Electrons? Areena a Bd Bk eG. Mio INSTT ARE 15 
21:2 Positive los- eere bk oe ale ep Go BRA de ee 17 
2.1.3 Negativelons......... 6... cee eee 17 
2.1.4 Elementary Processes of the Charged Particles ....... 18 
2.1.5 Fundamental Parameters of Elementary Processes .... 19 
2.1.6 Reaction Rate Coefficients. .... 0.0.0.0... 0c eee eee 21 
2.1.7 Elementary Elastic Collisions of Charged Particles .... 22 
2.2 Jonization Processes i eea e iaa ia a ee ene 23 
2.2.1 Direct Ionization by Electron Impact ............... 24 
2.2.2 Direct Ionization Rate Coefficient ........ nananana. 25 


2.2.3 Peculiarities of Dissociation of Molecules by Electron 
Impact: The Frank—Condon Principle and the Process of 


Dissociative Ionization ... 2.0.0.0... 00000 cee eee 27 
2.2.4 Stepwise Ionization by Electron Impact............. 28 
2.2.5 Ionization by High Energy Electron Beams .......... 31 
2.2.6 Photo-Ionization Processes ............ 0000 eee aes 32 
2.2.7 Ionization by Collisions of Heavy Particles, Adiabatic 

Principle, and Parameter Massey ................. 33 


vi 


Contents 


2.2.8 Penning Ionization Effect and Process of Associative 
TOMEZATONY o e aane tak Bente pata Inet ead ee 
2.3. Mechanisms of Electron Losses: The Electron—Ion 
Recombination. gee ah eaea eka cain eee bt, 
2.3.1 Different Mechanisms of Electron—Ion Recombination . . 
2.3.2 Dissociative Electron-Ion Recombination ........... 
2.3.3 Ion Conversion Reactions as a Preliminary Stage of the 
Dissociative Electron—Ion Recombination ........... 
2.3.4 Three-Body Electron-Ion Recombination ........... 
2.3.5 Radiative Electron—Ion Recombination ............. 
2.4 Electron Losses Due to Formation of Negative Ions: Electron 
Attachment and Detachment Processes .............00005 
2.4.1 Dissociative Electron Attachment to Molecules ....... 
2.4.2 Three-Body Electron Attachment to Molecules ....... 
2.4.3 Other Mechanisms of Formation of Negative Ions ..... 
2.4.4 Mechanisms of Negative Ion Destruction: Associative 
Detachment Processes ......... 0000 c eee eens 
2.4.5 Electron Impact Detachment................0.000. 
2.4.6 Detachment in Collisions with Excited Particles ...... 
2.5 JIon-Ion Recombination Processes ........... 0000s ee eeee 
2.5.1 JIon—Ion Recombination in Binary Collisions ......... 
2.5.2 Three-Body Ion—Ion Recombination, 
Thomson’s Theory .... 0.0.0... 00 cee ee eee eee 
2.5.3 High Pressure Limit of the Three-Body Ion—Ion 
Recombination, Langevin Model.................. 
2.6 The JIon—Molecular Reactions .............. 0000 eee eee 
2.6.1 Ion—Molecular Polarization Collisions: The Langevin 
Rate Coefficient 2... 2... 0.0 een 
2.6.2 The lon—Atom Charge Transfer Processes ........... 
2.6.3 Nonresonant Charge Transfer Processes ............ 
2.6.4 The Ion—Molecular Reactions with Rearrangement of 
Chemical Bonds ..... oonan 000 eens 
2.6.5 Ion—Molecular Chain Reactions and Plasma Catalysis . . 
2.6.6 Ion—Molecular Processes of Cluster Growth: The 
Winchester Mechanism... ........ 0000 ce eee eens 
Problems and Concept Questions ............ 0.00000 e eee eee 


Elementary Processes of Excited Molecules 
and Atoms in Plasma..... 0.0.0.0... 00 cece eee eee 
3.1 Electronically Excited Atoms and Molecules in Plasma ...... 
3.1.1 Electronically Excited Particles, Resonance, and 
Metastable States .. 0... 0... ec een 
3.1.2 Electronically Excited Atoms................0000. 
3.1.3 Electronic States of Molecules and 
Their Classification... 0... 0 eee 


Contents 


3.2 


3.3 


3.4 


3.5 


vii 
3.1.4 Electronically Excited Molecules, 

Metastable Molecules ........ 0.0.0.0. cece eee ae 75 
Vibrationally and Rotationally Excited Molecules .......... 78 
3.2.1 Potential Energy Curves for Diatomic Molecules, Morse 

Potentials eas feet aa se BEBE a oie ae ae Ra a ed 80 
3.2.2. Vibration of Diatomic Molecules, Model of Harmonic 

OS G1 ATOR s 2.2. cele asses ete aes aa eee de 82 
3.2.3 Vibration of Diatomic Molecules, Model of Anharmonic 

Oscillator ri cnc Fist eke eras oe ee ata nee needs ek 83 
3.2.4 Vibrationally Excited Polyatomic Molecules, the Case of 

Discrete Vibrational Levels ............. 00000000 85 
3.2.5 Highly Vibrationally Excited Polyatomic Molecules: 

Vibrational Quasi-Continuum............ 0.0000 ee 89 
3.2.6 Rotationally Excited Molecules ..................0. 91 
Elementary Processes of Vibrational, Rotational, and Electronic 
Excitation of Molecules in Plasma ............. 00000000 94 


3.3.1 Vibrational Excitation of Molecules by Electron Impact . 94 
3.3.2 Lifetime of Intermediate Ionic States during the 


Vibrational Excitation ........ 0.0.0.0... 000 ee eee 95 
3.3.3 Rate Coefficients of Vibrational Excitation by Electron 
Impact: Semi-Empirical Fridman’s Approximation .... 97 


3.3.4 Rotational Excitation of Molecules by Electron Impact.. 99 
3.3.5 Electronic Excitation of Atoms and Molecules by 


Electron Impact gess kania mn aa OOCR eee 100 
3.3.6 Rate Coefficients of Electronic Excitation in Plasma by 
Electron Impact o.0.0 86.000 ce ee ee a E 101 


3.3.7 Dissociation of Molecules by Direct Electron Impact . . . 104 
3.3.8 Distribution of Electron Energy in Nonthermal 
Discharges between Different Channels of Excitation 


and LONI ZaWON 454.6 we ee Cee ee ee eR eS 106 
Vibration (VT) Relaxation, Landau—Teller Formula ......... 112 
3.4.1 Vibrational—Translational (VT) Relaxation: Slow 

Adiabatic Elementary Process................000. 112 
3.4.2 Quantitative Relations for Probability of the Elementary 

Process of Adiabatic VT-Relaxation................ 114 
3.4.3 VT-Relaxation Rate Coefficients for Harmonic 

Oscillators, Landau—Teller Formula................ 116 
3.4.4 The Vibrational VT-Relaxation of Anharmonic 

Oscillators si renra ES AN OLA LE hoy ee Sie is eine OG 117 
3.4.5 Fast Nonadiabatic Mechanisms of VT-Relaxation ..... 119 
3.4.6 VT-Relaxation of Polyatomic Molecules ............ 121 
3.4.7 Effect of Rotation on the Vibrational Relaxation of 

Molecules) a sis-iee.0 he i r eA ee ed ed Gd Leen 123 


Vibrational Energy Transfer between Molecules, 
VV-Relaxation Processes... o...on nnan anaa 124 


viii 


4. 


3.6 


3.7 


Plasma Statistics and Kinetics of Charged Particles 
4.1 Statistics and Thermodynamics of Equilibrium and 


Contents 


3.5.1 Resonant VV-Relaxation ........ 0.0.0... 00 cee eee 
3.5.2 VV-Relaxation of Anharmonic Oscillators ........... 
3.5.3 Intermolecular VV’-Exchange ..............0 0.00. 
3.5.4 VV-Exchange of Polyatomic Molecules ............. 


Processes of Rotational and Electronic Relaxation 


of Excited Molecules... 2.0... 00.0000. eee eee 
3.6.1 Rotational Relaxation .......... 00.00.0000 cee eee 


3.6.2 Relaxation of Electronically Excited Atoms and 


Moleétiles. 23-245 .4.ce ee Eh ert ew eee ve eee 
3.6.3 Electronic Excitation Energy Transfer Processes... .... 


Elementary Chemical Reactions of Excited Molecules: 


Fridman—Macheret a-Model .... 0.0.0.0. 00000 eee eee 
3.7.1 Rate Coefficient of the Reactions of Excited Molecules. . 


3.7.2 Potential Barriers of Elementary Chemical Reactions, 


Activation Energy... 6... ee eee 


3.7.3 Efficiency « of Vibrational Energy in Overcoming the 


Activation Energy Barrier ......... 0.0.00. ce eee 
3.7.4 Fridman—Macheret a-Model ..............00.00005 


3.7.5 Efficiency of Vibrational Energy in Elementary 
Reactions Proceeding through Intermediate 


Complexes ya saaan ks Bee Oe Sag eB ih oe ee ee 


3.7.6 Dissociation of Molecules Stimulated by Vibrational 


Excitation in Nonequilibrium Plasma .............. 


3.7.7 Dissociation of Molecules in Nonequilibrium 
Conditions with Essential Contribution of 


Translational Energy... ..... 0.00.00 cece ee eee 
3.7.7.1 Park Model ....... 0.0.0. ccc eee 
3.7.7.2 Losev Model ........ 0.0.0. cee eee 
3.7.7.3 Marrone—Treanor Model...............04. 


3.7.8 Chemical Reactions of Two Vibrationally Excited 


Molecules in Plasma... ..... 0.0.0... e eee eee 
Problems and Concept Questions 


Nonequilibrium Plasmas, the Boltzmann, Saha, 


and Treanor Distributions ........ 0.0.0.0. ccc eee ee eee 


4.1.1 Statistical Distribution of Particles over Different States: 


The Boltzmann Distribution .................0005 


4.1.2 Equilibrium Statistical Distribution of Diatomic 


Molecules over Vibrational—Rotational States ........ 


4.1.3 Saha Equation for Ionization Equilibrium in Thermal 


Plas al e eed dt eee a ae ol ee daa Bs 
4.1.4 Dissociation Equilibrium in Molecular Gases ........ 


Contents 


4.2 


4.3 


4.1.5 Equilibrium Statistical Relations for Radiation, the 

Planck Formula, and the Stefan—Boltzmann Law ...... 165 
4.1.6 Concepts of Complete Thermodynamic Equilibrium 

and Local Thermodynamic Equilibrium for Plasma 


SYSTEMS do ene ke i a is ni Oe Beale te 166 
4.1.7 Partition Functions .........0.0 0.0.0.0 cece ene 167 
4.1.8 Thermodynamic Functions of Thermal 

Plasma Systems ... 1... ree hant eera eee 168 
4.1.9 Nonequilibrium Statistics of Thermal and Nonthermal 

Plasmas’ netanna eae do bap nel aa e wee side EIN Oe 170 
4.1.10 Nonequilibrium Statistics of Vibrationally Excited 

Molecules: The Treanor Distribution ............... 172 
Boltzmann and Fokker—Planck Kinetic Equations: Electron 
Energy Distribution Functions .......... 0.00.00 0000 176 
4.2.1 Boltzmann Kinetic Equation .................000. 176 
4.2.2 t-Approximation of the Boltzmann 

Kinetic Equation... saaana aana 178 
4.2.3 Macroscopic Equations Related to the Kinetic 

Boltzmann Equation .... 2.0.0.6... 6c eee eee 179 
4.24 Fokker—Planck Kinetic Equation for Determination of 

Electron Energy Distribution Functions............. 181 
4.2.5 Different Specific Electron Energy Distribution 

Functions: Druyvesteyn Distribution .............. 183 
4.2.6 Electron Energy Distribution Functions in Different 

Nonequilibrium Discharge Conditions ............. 186 
4.2.7 Relations between Electron Temperature and the 

Reduced Electric Field ......... 0.0.00. e ee eee 187 
Electric and Thermal Conductivity in Plasma: Diffusion of 
Charged Particles... cs wun de be ek BERK be ed a 188 
4.3.1 Isotropic and Anisotropic Parts of Electron Distribution 

PUNGCHONS irs 35282 a sede, Hal ack be toa eda ae 188 
4.3.2 Electron Mobility and Plasma Conductivity ......... 190 
4.3.3 Similarity Parameters Describing Electron Motion in 

Nonthermal Discharges ......... 0.000 e eee eee 192 
4.3.4 Plasma Conductivity in Perpendicular Static Uniform 

Electric and Magnetic Fields .................0.0.. 192 
4.3.5 Conductivity of Strongly Ionized Plasma ........... 196 
4.3.6 Ion Energy and Ion Drift in the Electric Field......... 197 
4.3.7 Free Diffusion of Electrons and Ions ............... 198 
4.3.8 The Einstein Relation between Diffusion Coefficient, 

Mobility, and Mean Energy...............000000. 200 
4.3.9 The Ambipolar Diffusion ...................000. 200 
4.3.10 Conditions of Ambipolar Diffusion: The 

Debye Radius)... th. v6 Soltis bale Sache A 201 


4.3.11 Thermal Conductivity in Plasma................0. 202 


x Contents 


4.4 Breakdown Phenomena: The Townsend and Spark 


Mechanisms, Avalanches, Streamers and Leaders .......... 205 
4.4.1 Electric Breakdown of Gases: The Townsend 
Mechanismr. ic. gars cab ie ei de ee i ce ie 205 


4.4.2 The Critical Breakdown Conditions, Paschen Curves. . .210 
4.4.3 The Townsend Breakdown of Larger Gaps: Specific 


Behavior of Electronegative Gases..............0.. 211 
4.4.4 Sparks Mechanism Versus Townsend Breakdown 

Mechanism sini esses hehe ee RS A eae eA 214 
4.4.5 Physics of the Electron Avalanches ................ 214 
4.4.6 Cathode- and Anode-Directed Streamers ........... 218 
4.4.7 Criterion of Streamer Formation, the Meek Breakdown 

Conditions ean REA CA ke ee alae WR eee eis 220 
4.4.8 Streamer Propagation Models...................-. 222 
4.4.9 Concept of a Leader, Breakdown of Meter, and 

Kilometer Long Gaps ..... 0.0... sanasen eee eee 224 
4.4.10 Streamers and Microdischarges................000. 225 
4.4.11 Interaction of Streamers and Microdischarges ........ 226 


4.5 Steady-State Regimes of Nonequilibrium Electric Discharges . . 227 
4.5.1 Steady-State Discharges Controlled by Volume and 


Surface Recombination Processes .............0005 227 
4.5.2 Discharge Regime Controlled by Electron—Ion 
Recombination ss iee sien es aia E E eee ee eee 229 


4.5.3 Discharge Regime Controlled by Electron Attachment . . 230 
4.5.4 Discharge Regime Controlled by Charged Particles 
Diffusion to the Walls: The Engel-Steenbeck Relation . .231 
4.5.5 Propagation of Electric Discharges ................ 232 
4.5.6 Propagation of the Nonthermal Ionization Wave 
Self-Sustained by Diffusion of Plasma Chemical 


Products esisi saneh tore ae ane ae Ree A E ES 234 
4.5.7 Nonequilibrium Behavior of Electron Gas, Difference 
between Electron and Neutral Gas Temperatures ..... 236 
4.5.8 Nonequilibrium Behavior of Electron Gas, Deviations 
from the Saha—Degree of Ionization. .............. 238 
Problems and Concept Questions ............ 0.0000 e eee eee 238 
5. Kinetics of Excited Particles in Plasma ..................... 245 
5.1 Vibrational Distribution Functions in Nonequilibrium Plasma: 
The Fokker—Planck Kinetic Equation. ................00. 245 
5.1.1 Nonequilibrium Vibrational Distribution Functions: 
General Concept of the Fokker—Plank Equation....... 245 
5.1.2 The Energy-Space Diffusion—Related VT-Flux of 
Excited Molecules... 2... 0.00.00 ccc cee eee 246 


5.1.3 The Energy-Space Diffusion—Related VV-flux of 
Excited Molecules... 0.0.0... 000000 cece eee 247 


Contents xi 


5.1.4 Linear VV-Flux along the Vibrational 


Energy Spectrum: isss aa 006 bod hbo eee De ee 249 
5.1.5 Nonlinear VV-Flux along the Vibrational 
Energy Spectrum. sess eae Oa ee alisha cack 249 


5.1.6 Equation for Steady-State Vibrational Distribution 
Function, Controlled by VV- and VT-Relaxation 


Processes aein bees a dh de te th Bd bo BE nea Re eae ake 250 
5.1.7 Vibrational Distribution Functions: The Strong 

Excitation Regime... 6.6... eee 251 
5.1.8 Vibrational Distribution Functions: The Intermediate 

Excitation Regime... 6... eee 253 
5.1.9 Vibrational Distribution Functions: The Regime of 

Weak Excitation .. 0... 0 eie e E eee 254 

5.2 Nonequilibrium Vibrational Kinetics: eV-Processes, 

Polyatomic Molecules, Non-Steady-State Regimes. ......... 257 
5.2.1 eV-Flux along the Vibrational Energy Spectrum....... 257 
5.2.2 Influence of eV-Relaxation on Vibrational Distribution 

at High Degrees of Ionization .................04. 258 
5.2.3 Influence of eV-Relaxation on Vibrational Distribution 

at Intermediate Degrees of Ionization .............. 259 
5.2.4 Diffusion in Energy Space and Relaxation Fluxes of 

Polyatomic Molecules in Quasi-Continuum ......... 261 
5.2.5 Vibrational Distribution Functions of Polyatomic 

Molecules in Nonequilibrium Plasma .............. 264 


5.2.6 Non-Steady-State Vibrational Distribution Functions. . . 265 
5.3 Macrokinetics of Chemical Reactions and Relaxation of 
Vibrationally Excited Molecules ...............0....0004. 266 
5.3.1 Chemical Reaction Influence on the Vibrational 
Distribution Function: The Weak Excitation Regime . . . 266 
5.3.2 Macrokinetics of Reactions of Vibrationally Excited 
Molecules: The Weak Excitation Regime ............ 268 
5.3.3 Macrokinetics of Reactions of Vibrationally Excited 
Molecules in Regimes of Strong and Intermediate 


Excitation... cc: cd lee he a eee ee a 270 
5.3.4 Macrokinetics of Reactions of Vibrationally Excited 

Polyatomic Molecules............. 00.0000 00000. 271 
5.3.5 Macrokinetics of Reactions of Two Vibrationally 

Excited Molecules... 2... 0.0.0.0... ccc ee eee 272 
5.3.6 Vibrational Energy Losses due to VT-Relaxation ...... 273 
5.3.7 VT-Relaxation Losses from Low Vibrational Levels: The 

Losev Formula and the Landau—Teller Relation....... 274 


5.3.8 VT-Relaxation Losses from High Vibrational Levels .. .274 
5.3.9 Vibrational Energy Losses due to the Nonresonance 
Nature of VV-Exchange ........ 0.0.00. 0 0000s 275 


xii 


5.4 


5.5 


5.6 


Contents 


Vibrational Kinetics in Gas Mixtures, Isotropic Effect 


in Plasma Chemistry... 0.0... 0c eee 277 
5.4.1 Kinetic Equation and Vibrational Distribution 

in: Gas Mixture: 2425, 64,3, n6. alee aoe ee eee 277 
5.4.2 Treanor Isotopic Effect in Vibrational Kinetics ........ 279 
5.4.3 Influence of VT-Relaxation on Vibrational Kinetics of 

Mixtures, the Reverse Isotopic Effect. .............. 282 
5.4.4 Influence of eV-Relaxation on Vibrational Kinetics of 

Mixtures and the Isotopic Effect .................. 284 
5.4.5 Integral Effect of Isotope Separation ............... 286 


Kinetics of Electronically and Rotationally Excited States, 
Nonequilibrium Translational Distributions, Relaxation and 


Reactions of “Hot Atoms” in Plasma...............00005 287 
5.5.1 Kinetics of Population of Electronically Excited States, 
the Fokker—Planck Approach ...............0.04. 287 
5.5.2 Simplest Solutions of Kinetic Equation for Electronically 
Excited States nrnna ed 8 eh e8eeeat nui oa Saeed es 288 
5.5.3 Kinetics of the Rotationally Excited Molecules, 
Rotational Distribution Functions ................. 290 
5.5.4 Nonequilibrium Translational Energy Distribution 
Functions: Effect of “Hot Atoms” ..............04. 292 


5.5.5 Kinetics of “Hot Atoms” in Fast VT-Relaxation 
Processes: The Energy-Space Diffusion Approximation .292 
5.5.6 “Hot Atoms” in Fast VT-Relaxation Processes: Discrete 


Approach and Applications .................004. 294 
5.5.7 “Hot Atoms” Formation in Chemical Reactions ....... 296 
Energy Efficiency, Energy Balance, and Macrokinetics of 
Plasma-Chemical Processes ...... nnna nnana 298 
5.6.1 Energy Efficiency of Quasi-Equilibrium and 
Nonequilibrium Plasma-Chemical Processes ......... 298 
5.6.2 Energy Efficiency of Plasma-Chemical Processes 
Stimulated by Vibrational Excitation of Molecules ..... 299 
5.6.3 Dissociation and Reactions of Electronically Excited 
Molecules and Their Energy Efficiency ............. 300 
5.6.4 Energy Efficiency of Plasma-Chemical Processes 
Proceeding through Dissociative Attachment ........ 300 
5.6.5 Methods of Stimulation of the Vibrational- 
Translational Nonequilibrium in Plasma............ 301 
5.6.5.1 Vibrational—Translational Nonequilibrium, 
Provided by High Degree of Ionization....... 301 
5.6.5.2 Vibrational—Translational Nonequilibrium, 
Provided by Fast Gas Cooling.............. 302 


5.6.6 Vibrational—Translational Nonequilibrium, Provided by 
Fast Transfer of Vibrational Energy: The Treanor Effect 
in Vibrational Energy Transfer ................0.. 302 


Contents xiii 


5.6.7 Energy Balance and Energy Efficiency of 
Plasma-Chemical Processes Stimulated by Vibrational 


Excitation of Molecules... 2.0.2... 0.000. cece eee 305 
5.6.8 Energy Efficiency as a Function of Specific Energy 

Input and Degree of Ionization ................04. 306 
5.6.9 Components of Total Energy Efficiency: Excitation, 

Relaxation, and Chemical Factors ................. 308 

5.7 Energy Efficiency of Quasi-Equilibrium Plasma-Chemical 

Systems: Absolute, Ideal, and Super-Ideal Quenching ....... 311 
5.7.1 Concepts of Absolute, Ideal, and Super-Ideal 

Qtienching. -s yc ted st be SR ee 311 
5.7.2 Ideal Quenching of CO2-Dissociation Products in 

Thermal Plasma .... 2... 0.0. cece ee ene 312 
5.7.3. Nonequilibrium Effects during Product Cooling, 

Super-Ideal Quenching... annaua nananana 314 
5.7.4 Mechanisms of Absolute and Ideal Quenching for 

H»)O-Dissociation in Thermal Plasma .............. 315 


5.7.5 Effect of Cooling Rate on Quenching Efficiency: 

Super-Ideal Quenching of H2O-Dissociation Products . . 316 
5.7.6 Mass and Energy Transfer Equations in 

Multicomponent Quasi-Equilibrium 

Plasma-Chemical Systems ............. 000000005 318 
5.7.7 Influence of Transfer Phenomena on Energy Efficiency 

of Plasma-Chemical Processes...............0.00. 320 

5.8 Surface Reactions of Plasma-Excited Molecules in Chemistry, 

Metallurgy, and Bio-Medicine ............. 0.000000 0 00. 324 
5.8.1 Surface Relaxation of Excited Molecules, 

Nonequilibrium Surface Heating and Evaporation in 

Nonthermal Discharges .......... 0.000000 0 0000. 324 
5.8.2 Surface Reactions of Excited Hydrogen Molecules in the 

Formation of Hydrids by Gasification of Elements and 

Thin-Film Processing in Nonthermal Plasma......... 328 
5.8.3 Effect of Vibrational Excitation of CO Molecules on 

Direct Surface Synthesis of Metal Carbonyls in 

Nonthermal Plasma ...................0...000. 329 
5.8.4 Reactions of Plasma-Generated Singlet Oxygen and 

Other Reactive Oxygen Species on Bioactive Surfaces . .331 

Problems and Concept Questions ............. 0000000 c eee 332 


6. Electrostatics, Electrodynamics, and Fluid Mechanics of Plasma . . 337 


6.1 Electrostatic Plasma Phenomena: Debye Radius and Sheaths, 
Plasma Oscillations and Plasma Frequency ............... 337 


6.1.1 Ideal and Nonideal Plasmas ...................0.. 337 


xiv 


6.2 


6.3 


6.4 


Contents 


6.1.2 Plasma Polarization, “Screening” of Electric Charges 
and External Electric Fields: The Debye Radius in 


Two-Temperature Plasma .............0 0.000000. 337 
6.1.3 Plasmas and Sheaths ............ 0.0.0.0 cee eee 339 
6.1.4 Physics of the DC Sheaths.................00000. 340 
6.1.5 High Voltage Sheaths, Matrix and Child Law Sheath 

Model Sees... 340 9-9:4, ead opa ob eee ae elle ene eho 342 
6.1.6 Electrostatic Plasma Oscillations: Langmuir or Plasma 

PREQUEN GY © jiu ve olde dale, EA ATR wedge ee E E aria 343 
6.1.7 Penetration of Slow Changing Fields into Plasma, Skin 

Effect ace ict ya eee tee Be tie oes Asn ad te yee at si at ete: Stas 344 
Magneto-Hydrodynamics of Plasma.................00. 345 
6.2.1 Equations of Magneto-Hydrodynamics............. 345 
6.2.2 Magnetic Field “Diffusion” in a Plasma, Effect of 

Magnetic Field Frozen ina Plasma ................ 346 
6.2.3 Magnetic Pressure, Plasma Equilibrium in Magnetic 

BIC Lie hte ete iets Se a ts ce eR ON NAS 348 
6.2.4 The Pinch Effect .. 0... 0... ee eee 348 
6.2.5 Two-Fluid Magneto-Hydrodynamics: The Generalized 

OHMS Ha Wsie sone ii Beste tiene Ban tem. eee AAE ES 350 
6.2.6 Plasma Diffusion across Magnetic Field ............ 351 


6.2.7 Conditions for Magneto-Hydrodynamic Behavior of 
Plasma: The Alfven Velocity and the Magnetic 


Reynolds Number ......... 0.0.0.0 cece eee eee 353 
Instabilities of Low-Temperature Plasma................. 354 
6.3.1 Types of Instabilities of Low-Temperature Plasmas, 

Peculiarities of Plasma-Chemical Systems ........... 354 
6.3.2 Thermal (Ionization Overheating) Instability in 

Monatomic Gases ... 6.6... eee 356 


6.3.3 Thermal (Ionization Overheating) Instability in 
Molecular Gases with Effective Vibrational Excitation . . 357 
6.3.4 Physical Interpretation of Thermal and Vibrational 


Instability Modes .......... 0.0000 eee eee 359 
6.3.5 Nonequilibrium Plasma Stabilization by Chemical 

Reactions of Vibrationally Excited Molecules......... 360 
6.3.6 Destabilizing Effect of Exothermic Reactions and Fast 

Mechanisms of Chemical Heat Release ............. 362 
6.3.7 Electron Attachment Instability. .................. 363 
6.3.8 Other Instability Mechanisms in Low-Temperature 

Plasma ote Seine aah A tk ER PAS Bal Sa G8 365 
Nonthermal Plasma Fluid Mechanics in Fast Subsonic and 
Supersonic Flows ...... 0... eh Peo OE eee 366 


6.4.1 Nonequilibrium Supersonic and Fast Subsonic 
Plasma-Chemical Systems ........... 00000000005 366 


Contents 


6.5 


6.6 


6.4.2 Gas Dynamic Parameters of Supersonic Discharges: 


Critical Heat Release... . 2... 00... eee 
6.4.3 Supersonic Nozzle and Discharge Zone Profiling .... 


6.4.4 Pressure Restoration in Supersonic Discharge 


DV SECIS etta hai ae he 6M tht Sank elas aes See ha 
6.4.5 Fluid Mechanics Equations of Vibrational Relaxation in 


Fast Subsonic and Supersonic Flows of Nonthermal 


Reactive: Plasma: mim 5 ix b ln eRe Ge Re A R 


6.4.6 Dynamics of Vibrational Relaxation in Fast Subsonic 


and Supersonic Flows... nananana anaana cee eee 


6.4.7 Effect of Chemical Heat Release on Dynamics of 


Vibrational Relaxation in Supersonic Flows......... 


6.4.8 Spatial Nonuniformity of Vibrational Relaxation in 


Chemically Active Plasma ............. 0000000. 
6.4.9 Space Structure of Unstable Vibrational Relaxation .... 


6.4.10 Plasma Interaction with High Speed Flows 


and: SHOCKS) ra Beng ea a Sik bk. ave Fw, I EES 


6.4.11 Aerodynamic Effects of Surface and Dielectric Barrier 


Discharges: Aerodynamic Plasma Actuators ........ 


Electrostatic, Magneto-Hydrodynamic and Acoustic Waves 


I Plasma ses Sesh ever ei Rte Oe TN ra adherent ate D 
6.5.1 Electrostatic Plasma Waves .............00000008 


6.5.2 Collisional Damping of Electrostatic Plasma Waves in 


Weakly Ionized Plasma.......... 0.0.0.0 0 00000 
6.5.3 ThelonicSound........... 0.0.00. cece ee eee eee 
6.5.4 Magneto-Hydrodynamic Waves ...............0. 


6.5.5 Collisionless Interaction of Electrostatic Plasma Waves 


with Electrons ... 0.0... 00. eee aa ee es 
6.5.6 Landau Damping ........... 0.000.000 
6.5.7 Beam Instability ............ 0.0.0... 000000000. 
6.5.8 Buneman Instability ......... 0.0... 00.00.00 0000. 


6.5.9 Dispersion and Amplification of Acoustic Waves in 
Nonequilibrium Weakly Ionized Plasma, General 


Dispersion Equation... ...... 6... eee eee eee 
6.5.10 Analysis of Dispersion Equation for Sound Propagation 

in Nonequilibrium Chemically Active Plasma....... 
Propagation of Electro-Magnetic Waves in Plasma......... 


6.6.1 Complex Dielectric Permittivity of Plasma in 


High-Frequency Electric Fields .................. 


6.6.2 High-Frequency Plasma Conductivity and Dielectric 


PETIT CELVILY: Arestiren ead tet tea cians Ste alee aches 
6.6.3 Propagation of Electromagnetic Waves in Plasma ... . 


6.6.4 Absorption of Electromagnetic Waves in Plasmas: 


BOUgtier Law neres a e nme i eee cd 


xvi 


6.7 


6.8 


Contents 


6.6.5 Total Reflection of Electromagnetic Waves from Plasma: 


Critical Electron Density .......... 0.0... 00000000. 404 
6.6.6 Electromagnetic Wave Propagation in Magnetized 

PIASIN A atahcss, ays Sede a1 bette BC oo by gv boa net Ria 405 
6.6.7 Propagation of Ordinary and Extra-Ordinary Polarized 

Electromagnetic Waves in Magnetized Plasma ....... 407 
6.6.8 Influence of Ion Motion on Electromagnetic Wave 

Propagation in Magnetized Plasma................ 408 
Emission and Absorption of Radiation in Plasma, Continuous 
Spectr. Ate hate hee aye he Re dee oo he aoe 409 
6.7.1 Classification of Radiation Transitions.............. 409 
6.7.2 Spontaneous and Stimulated Emission: Einstein 

Coefficients): sorridi ik ek eee ee aie eae eases 410 


6.7.3 General Approach to Bremsstrahlung Spontaneous 
Emission: Coefficients of Radiation Absorption and 
Stimulated Emission during Electron Collisions with 


Heavy Particles: ic. suit ewan ete Gel vine Fe oe 412 
6.7.4 Bremsstrahlung Emission due to Electron Collisions 

with Plasma Ions and Neutrals ................... 413 
6.7.5 Recombination Emission ................-+00005 416 
6.7.6 Total Emission in Continuous Spectrum ............ 418 


6.7.7 Plasma Absorption of Radiation in Continuous 
Spectrum: The Kramers 


and Unsold-Kramers Formulas ................04. 419 
6.7.8 Radiation Transfer in Plasma .................... 421 
6.7.9 Optically Thin Plasmas and Optically Thick Systems: 
Blackbody Radiation............ 0.000000 e eee eee 422 
6.7.10 Reabsorption of Radiation, Emission of Plasma as Gray 
Body: The Total Emissivity Coefficient ............. 423 
Spectral Line Radiation in Plasma ...................04. 424 
6.8.1 Probabilities of Radiative Transitions and Intensity of 
Spectral ines tere oc ea whe yea TEE dh haste tte 424 
6.8.2 Natural Width and Profile of a Spectral Line ......... 425 
6.8.3 Doppler Broadening of Spectral Lines .............. 426 
6.8.4 Pressure Broadening of Spectral Lines.............. 427 
6.8.5 Stark Broadening of Spectral Lines ................ 429 
6.8.6 Convolution of Lorentzian and Gaussian Profiles, the 
Voigt Profile of Spectral Lines ................00.4. 430 
6.8.7 Spectral Emissivity of a Line, Constancy of a Spectral 
LOCATE es AREALE EE AONE Gato pep oes 431 
6.8.8 Selective Absorption of Radiation in Spectral Lines, 
Absorption of One Classical Oscillator ............. 431 


6.8.9 The Oscillator Power .......... 000000 cece eee eee 432 


Contents 


xvii 
6.8.10 Radiation Transfer in Spectral Lines, Inverse 
Population of Excited States and Principle of Laser 
Generatio § i see ec tee ely a ae a eee ee 433 
6.9 Nonlinear Phenomena in Plasma .................00005 434 
6.9.1 Nonlinear Modulation Instability: Lighthill 
CHriteniOn ey el r Al axe esa oo cote Lat MeN 434 
6.9.2 Korteweg-de Vries Equation.................000. 435 
6.9.3 Solitones as Solutions of Korteweg-de Vries 
Equation ais... acai ei dt Md a de ae et ae 436 
6.9.4 Formation of Langmuir Solitonesin Plasma ......... 437 
6.9.5 Evolution of Strongly Nonlinear Oscillations, the 
Nonlinear Ionic Sound .......... 0000 ee eee 438 
6.9.6 Evolution of Weak Shock Waves in Plasma .......... 440 
6.9.7 Transition from Weak to Strong Shock Wave ......... 442 
Problems and Concept Questions ............. 0000000 eee ee 442 
Part II Physics and Engineering of Electric Discharges 
7. Glow Discharge. 22.02. ssi teed babi wi eee pilaa ea daala iea 451 
7.1 Structure and Physical Parameters of Glow Discharge Plasma, 
Current—Voltage Characteristics: Comparison of Glow and 
Dark Dischaf ges. ennea cad ree Oe ee eee ee eS 451 
7.1.1 General Classification of Discharges, Thermal and 
Nonthermal Discharges ............. 0000000000. 451 
7.1.2 Glow Discharge: General Structure 
and Configurations... 0... 0.0.0.0... 0. c cee eee 452 
7.1.3 Glow Pattern and Distribution of Plasma Parameters 
along the Glow Discharge... .. 2.0.0.0... 2c eens 454 
7.1.4 General Current-Voltage Characteristic of Continuous 
Self-Sustained DC Discharges between Electrodes. .... 456 
7.1.5 Dark Discharge Physics .............0. 0.000000. 458 
7.1.6 Transition of Townsend Dark to Glow Discharge. ..... 459 
7.2 Cathode and Anode Layers of a Glow Discharge........... 461 
7.2.1 The Engel-Steenbeck Model of a Cathode Layer ...... 461 


7.2.2 Current-Voltage Characteristic of the Cathode Layer. . . 462 


7.2.3 Normal Glow Discharge: Normal Cathode Potential 
Drop, Normal Layer Thickness and Normal Current 


Density Ais geste tinh Sah OS wR ed ed ek og 463 
7.2.4 Mechanism Sustaining the Normal Cathode Current 
DENSI “i BoM ate ke cet outta ate aN NS te Ces 464 


7.2.5 The Steenbeck Minimum Power Principle, Application 
to the Effect of Normal Cathode Current Density ..... 467 


xviii 


7.3 


7.4 


7.5 


Contents 


7.2.6 Glow Discharge Regimes Different from Normal Ones: 
Abnormal Discharge, Subnormal Discharge, and 


Obstructed Discharge ....... 0.0.0... e eee eee 468 
7.2.7 Negative Glow Region of Cathode Layer, the Hollow 

Cathode Discharge .... 6.6.0.0... 00 eee eee eee 469 
72.9 “ANOUE LAV ER. tooo ewe ee Be te ee oe DE 470 
Positive Column of Glow Discharge .............0000005 471 
7.3.1 General Features of the Positive Column, Balance of 

Charged Particles)... 0nd. seg iri atin Cee beh a 471 
7.3.2 General Current-Voltage Characteristics of a Positive 

Column and of a Glow Discharge ................. 472 
7.3.3 Heat Balance and Plasma Parameters of 

Positive Column... 0... 0. ens 474 
7.3.4 Glow Discharge in Fast Gas Flows ................ 476 
7.3.5 Heat Balance and Its Influence on Current-Voltage 

Characteristics of the Positive Column ............. 477 
Glow Discharge Instabilities ............0....000 0.00000. 478 
7.4.1 Contraction of the Positive Column ............... 478 
7.4.2 Glow Discharge Conditions Resulting 

in Contraction sieri saaa a ee eee 481 


7.4.3 Comparison of Transverse and Longitudinal 
Instabilities, Observation of Striations in Glow 


Discharges: sory oso oi da se a a ae ee 481 
7.4.4 Analysis of Longitudinal Perturbations Resulting in 

Formation of Striations ... 2... 0.0.0.0... eee eee eee 483 
7.4.5 Propagation Velocity and Oscillation Frequency of 

Striations: 44... kb Ga dake Dae esa ae 484 
7.4.6 The Steenbeck Minimum Power Principle, Application 

to:Striations rsrsrsr hbase birku ee ad eed DE RAA aE 487 
7.4.7 Some Approaches to Stabilization of the Glow 

Discharge Instabilities............... 0000000000. 487 
Different Specific Glow Discharge Plasma Sources.......... 488 


7.5.1 Glow Discharges in Cylindrical Tubes, in Parallel Plates 
Configuration, in Fast Longitudinal and Transverse 


Flows, and in Hollow Cathodes .................. 488 
7.5.2 The Penning Glow Discharges ................04. 489 
7.5.3 Plasma Centrifuge ....... 0.0.0.0... eee eee 490 
7.5.4 Magnetron Discharges .......... 0.000000 e cece ee 493 
7.5.5 Magnetic Mirror Effect in Magnetron Discharges. ..... 494 
7.5.6 Glow Discharges at Atmospheric Pressure .......... 496 


7.5.7 Some Energy Efficiency Peculiarities of Glow 
Discharge Application for Plasma-Chemical 
PrOGESSES) na s e 8 ate Bek SA aaa bbe oo a Bak BS 497 


Problems and Concept Questions ... n... sanas 00.0000 e eee eee 498 


Contents xix 


8. Arc Discharges nooi E E eee 503 
8.1 Physical Features, Types, Parameters, and Current-Voltage 
Characteristics of Arc Discharges .............00 000000. 503 
8.1.1 General Characteristic Features of Arc Discharges ..... 503 
8.1.2 Typical Ranges of Arc Discharge Parameters ......... 503 
8.1.3 Classification of Arc Discharges ..............000. 504 
8.1.4 Current-Voltage Characteristics of Arc Discharges ... .505 
8.2 Mechanisms of Electron Emission from Cathode ........... 507 
8.2.1 Thermionic Emission: The Sommerfeld Formula...... 507 
8.2.2 Schottky Effect of Electric Field on Work Function and 
Thermionic Emission Current .............0.000005 509 
8.2.3 Field Electron Emission in Strong Electric Fields, the 
Fowler—Nordheim Formula ..............0.000005 510 
8.2.4 Thermionic Field Emission ..............000. 0005 513 
8.2.5 Secondary Electron Emission ................000. 513 
8.3 Cathode and Anode Layers in Arc Discharges ............. 515 
8.3.1 General Features and Structure of Cathode Layer ..... 515 
8.3.2 Electric Field in Cathode Vicinity ................. 518 
8.3.3 Cathode Energy Balance and Electron Current Fraction 
on Cathode (the S-factor) .......... 2.00020 000- 520 
8.3.4 Cathode Erosion... 1... 0.0.00. eee 521 
8.3.5 Cathode Spots ...... 0.0... eee ee 521 
8.3.6 External Cathode Heating.................0.000. 523 
83:7 “Anodé Layer s:piriieare Sade phe ees tee ca 523 
8.4 Positive Column of Arc Discharges ................0.0.04. 524 
8.4.1 General Features of Positive Column of High 
Pressure Anes eiln meo e SE ae te eae aa 524 
8.4.2 Thermal Ionization in Arc Discharges, the 
Elenbaas—Heller Equation.............. 0.00.00. 525 
8.4.3 Steenbeck “Channel” Model of Positive Column of Arc 
Discharges sorie wet on ba cow ea ens Slaw Welds 527 
8.4.4 Raizer “Channel” Model of Positive Column......... 529 


8.4.5 Plasma Temperature, Specific Power and Electric Field 
in Positive Column According to the Channel Model. . .531 
8.4.6 Possible Difference between Electron and Gas 


Temperatures in Thermal Discharges .............. 533 

8.4.7 Dynamic Effects in Electric Arcs ..............000. 534 

8.4.8 Bennet Pinch Effect and Electrode Jet Formation ...... 535 

8.5 Different Configurations of Arc Discharges ............... 536 
8.5.1 Free-Burning Linear Arcs .......... 000.0 e eee 536 

8.5.2 Wall-Stabilized Linear Arcs... 0.20.2... 00000 e eee 537 

8.5.3 Transferred Arcs... 1... cc ee eee 538 

8.5.4 Flow-Stabilized Linear Arcs ........... 00000. aes 539 

8.5.5 Nontransferred Arcs, Plasma Torches .............. 540 


8.5.6 Magnetically Stabilized Rotating Arcs.............. 541 


xX Contents 
8.6 Gliding Arc Discharge ......... 0.0.00. cee eee eee 542 
8.6.1 General Features of the Gliding Arc ............... 542 
8.6.2 Physical Phenomenon of the Gliding Arc ........... 544 
8.6.3 Equilibrium Phase of the Gliding Arc .............. 546 
8.6.4 Critical Parameters of the Gliding Arc.............. 547 
8.6.5 Fast Equilibrium — Nonequilibrium Transition 
(FENETRe Phenomenon) ...............+++++045 549 
8.6.6 Gliding Arc Stability Analysis...................0. 551 
8.6.7 Nonequilibrium Phase of the Gliding Arc ........... 552 
8.6.8 Effect of Self-Inductance on Gliding Arc Evolution ... .554 
8.6.9 Special Configurations of Gliding Arcs ............. 554 
8.6.10 Gliding Arc Stabilized in Reverse Vortex 
(Tornado) Flow... 1... ri reaa eee 556 
Problems and Concept Questions ..........0. 0.0000 e eee eee 557 
9. Nonequilibrium Cold Atmospheric Pressure Discharges ....... 561 
9.1 Continuous Corona Discharge .............0 0000 e eee 561 
9.1.1 General Features of the Corona Discharge ........... 561 
9.1.2 Electric Field Distribution in Different Corona 
Configurations .. 2... 0... 0. cee eee 561 
9.1.3 Negative and Positive Corona Discharges ........... 563 
9.1.4 Corona Ignition Criterion in Air: The Peek Formula .. .564 
9.1.5 Active Corona Volume ............0.. 000000000. 565 
9.1.6 Space Charge Influence on Electric Field Distribution 
in a Corona Discharge..... 0.0... 0.0.00. a eee eee 567 
9.1.7 Current—Voltage Characteristics of 
a Corona Discharge ...... 0.0... 0000s 568 
9.1.8 Power Released in the Continuous Corona Discharge . .569 
9.2 Pulsed Corona Discharge ............ 00000 e eee ee eee 570 
9.2.1 Why the Pulsed Corona? .................00000. 570 
9.2.2 Corona Ignition Delay ................ 0.000000. 571 
9.2.3 Pulse-Periodic Regime of the Positive Corona Discharge 
Sustained by Continuous Constant Voltage: Flashing 
COTO ie cee ta Fearn sie boone tee RN ae BO Mae ie ti haa te 571 
9.2.4 Pulse-Periodic Regime of the Negative Corona 
Discharge Sustained by Continuous Constant Voltage: 
Trichel Pulses inae 08 kee iels cote wae ae Rae 572 
9.2.5 Pulsed Corona Discharges Sustained by Nanosecond 
Pulse Power Supplies ........... 00.00.0000 eee 573 
9.2.6 Specific Configurations of the Pulsed Corona 
Discharges 2.4 oi e6.be Oho he ees wth eee Ne ee 576 
9.3 Dielectric-Barrier Discharge ........... 00.0000 00 cee ee 578 


9.3.1 General Features of the Dielectric-Barrier Discharge . . .578 
9.3.2 General Configuration and Parameters of the DBD ... .581 
9.3.3 Microdischarge Characteristics ................000. 582 


Contents xxi 


9.3.4 Surface Discharges .......... 0.0000 eee 584 
9.3.5 Packed-Bed Corona Discharge ................0.. 587 
9.3.6 Atmospheric Pressure Glow Modification of the DBD . .588 
9.3.7 Ferroelectric Discharges ........... 0.000000 0 eee 589 
9.4 Spark Discharges .. 1.0.0... aa E E E a pe eee 590 
9.4.1 Development of a Spark Channel: Back Wave of Strong 
Electric Field and Ionization ...............200005 590 
9.4.2 Expansion of Spark Channel and Formation of an 
Intense: Spark oi: ooo es naka ini odie ERENT D EINN 591 
9.4.3 Atmospheric Phenomena Leading to Lightning....... 591 
944 Lightning Evolution ............. 0.00000 00 0000 593 
9.4.5 Mysterious Phenomenon of Ball Lightning .......... 595 
9.4.6 Laser-Directed Spark Discharges.................. 596 
9.5 Atmospheric Pressure Glow Discharges ................-. 597 
9.5.1 Atmospheric Pressure Glow Mode of DBD .......... 597 
9.5.2 Resistive Barrier Discharge ................00000. 599 


9.5.3 One Atmosphere Uniform Glow Discharge Plasma . . . . 599 
9.5.4 Electronically Stabilized Atmospheric Pressure Glow 


Discharges: cierre oh be See Sia cele eee ae 600 
9.5.5 Atmospheric Pressure Plasma Jets................. 600 
9.6 Microdisharges.... 0... 0... eee 602 
9.6.1 General Features of Microdischarges............... 602 
9.6.2 Microglow Discharge ........... 0.0.00 c cece eee 603 
9.6.3 Micro-Hollow-Cathode Discharge...............0. 605 
9.6.4 Arrays of Microdischarges, Microdischarge 
Self-Organization and Structures ..............0.. 605 
9.6.5 Microdischarges of 5 kHz Frequency Range ......... 606 
9.6.6 RF Microdischarges ......... 0.00.00. cece ee eee 607 
9.6.7 Microwave Microdischarges ...............000005 608 
Problems and Concept Questions ... o...n nasua 00000000 c eee 608 
10. Plasma Created in High-Frequency Electromagnetic Fields: 
Radio-Frequency, Microwave, and Optical Discharges ......... 613 
10.1 Radio Fequency Discharges at High Pressures, Inductively 
Coupled Thermal RF Discharges. ..............00.0000. 613 
10.1.1 General Features of the High-Frequency Generators of 
Thermal Plasma ........... 0.00000 ee eee eee eee 613 
10.1.2 General Relations for Thermal Plasma Energy Balance: 
The Flux Integral Relation.................0000. 613 
10.1.3 Thermal Plasma Generation in the Inductively 
Coupled RF Discharges .......... 00.000 e eeu 615 
10.1.4 Metallic Cylinder Model of Long Inductively Coupled 
RF Discharge: sy ses iii ent he SA a es 616 


10.1.5 Electrodynamics of Thermal ICP Discharge in 
Frameworks of the Metallic Cylinder Model ........ 618 


xxii 


10.2 


10.3 


Contents 


10.1.6 Thermal Characteristics of the Inductively Coupled 
Plasma in Framework of the Model of Metallic 
Cylinder: s.cccfu% Soyo ble rroa ale el wl ob Sas x 620 
10.1.7 Temperature and Other Quasi-Equilibrium ICP 
Parameters in the Framework of the Model of Metallic 


Syne r? 35.0%, ai E n de Meda taeda eRe ante eee asi 621 
10.1.8 ICP Discharge in Weak Skin-Effect Conditions: The 

Thermal ICP Limits ........... 00.00.0000 0000. 622 
10.1.9: The: ICP Torches «64. 6 seed nue ro iiey eden os 624 
10.1.10 ICP Torch Stabilization in Vortex Gas Flow ......... 625 
10.1.11 Capacitively Coupled Atmospheric Pressure RF 

Discharges: si eeii he en ie Sas hate ee 627 
Thermal Plasma Generation in Microwave and Optical 
Discharges. saina Red ode iy eA ROU eK Loh AS ae 628 
10.2.1 Optical and Quasi-Optical Interaction of 

Electromagnetic Waves with Plasma .............. 628 


10.2.2 Microwave Discharges in Waveguides, Modes of 
Electromagnetic Oscillations in the Waveguides 

without Plasma ..... 0.0... eee eee 629 
10.2.3 Microwave Plasma Generation by 

A -Electromagnetic Oscillation Mode 


in Waveguide .. anuanua anaana 632 
10.2.4 Microwave Plasma Generation in Resonators ....... 633 
10.2.5  1-D Model of Electromagnetic Wave Interaction with 

Thermal Plasma .......... 0.00.0 eee eee eee 633 
10.2.6 Constant Conductivity Model of Microwave Plasma 

Generation. 8 he eR SIAR Se Be es 635 
10.2.7 Numerical Characteristics of the Quasi-Equilibrium 

Microwave Discharge ......... 00.00 e eee eee 636 
10.2.8 Microwave Plasma Torch and Other Nonconventional 

Configurations of Thermal Microwave Discharges .. .637 
10.2.9 Continuous Optical Discharges ................. 638 
10.2.10 Laser Radiation Absorption in Thermal Plasma as a 

Function Gas Pressure and Temperature ........... 641 
10.2.11 Energy Balance of the Continuous Optical Discharges 

and Relation for Plasma Temperature ............. 642 
10.2.12 Plasma Temperature and Critical Power of Continuous 

Optical Discharges ...... 0.0... eee eee 643 
Nonequilibrium RF Discharges, General Features of 
Nonthermal CCP Discharges .. 1.6.0.0... naana e eee eee 645 
10.3.1 Nonthermal RF Discharges .................0004. 645 
10.3.2 Capacitive and Inductive Coupling of the Nonthermal 

RF Discharge Plasmas .......... 0.000000 ee eee 645 


10.3.3 Electric Circuits for Inductive and Capacitive Plasma 
Coupling with RF Generators ................04. 646 


Contents xxiii 
10.3.4 Motion of Charged Particles and Electric Field 
Distribution in Nonthermal RF CCP Discharges ..... 647 
10.3.5 Electric Current and Voltages in Nonthermal RF CCP 
Discharge test tate cael e tote, tet Gis LA i A 648 
10.3.6 Equivalent Scheme of a Capacitively Coupled RF 
Discharge os et ned Lhe ee ee alae we 651 
10.3.7 Electron and Ion Motion in the 
CCP Discharge Sheaths ........... 0.000.000.0005 652 
10.4 Nonthermal CCP Discharges of Moderate Pressure ......... 654 
10.4.1 General Features of the Moderate Pressure CCP 
(Discharges... Bast winter N E a S a Anke NN 654 
10.4.2 a- and y-Regimes of Moderate Pressure CCP 
Discharges, Luminosity and Current-Voltage 
Characteristics sers cikesceeri tirta eee eee 655 
10.4.3 a-Regime of Moderate Pressure 
CCP: Discharges idera eba EE Ea Gee ae E a 657 
10.4.4 Sheath Parameters in a-Regime of Moderate Pressure 
CCP Discharges ...... nunan ananuna 658 
10.4.5 The y-Regime of Moderate Pressure 
CCP Discharges .... 0.0.0.0... eee ie 660 
10.4.6 Normal Current Density of y-Discharges .......... 661 
10.4.7 Physical Analysis of Current-Voltage Characteristics 
of the Moderate Pressure CCP Discharges .......... 663 
10.4.8 a-y Transition in Moderate Pressure CCP 
Discharges: secede oP eta we ae bea 664 
10.4.9 Some Frequency Limitations for Moderate Pressure 
CCP: Discharges) iie vanes eit th Ba SR eS 666 
10.5 Low-Pressure CCP RF Discharges ..............00.00000. 666 
10.5.1 General Features of Low-Pressure CCP Discharges . . . 666 
10.5.2 Plasma Electrons Behavior in the Low-Pressure 
Discharges: zinien nthe hse ee ected, de dys renee Magatama eats 667 
10.5.3 Two Groups of Electrons, Ionization Balance, and 
Electric Fields in Low-Pressure CCP Discharges ..... 668 
10.5.4 High and Low Current—Density Regimes of Low 
Pressure CCP Discharges ............ 0000000005 669 
10.5.5 Electron Kinetics in Low-Pressure CCP Discharges . . . 670 
10.5.6 Stochastic Effect of Electron Heating .............. 672 
10.5.7 Contribution of y-electrons in Low-Pressure 
Capacitive RF Discharge ..... 0.2.0... ..00 2000000. 673 
10.5.8 Analytical Relations for the Low-Pressure RF CCP 
Discharge Parameters .......... 0.0.00 0000 eee 674 
10.5.9 Numerical Values of the Low-Pressure RF CCP 
Discharge Parameters .......... 00.0000. eee eee 677 


10.6 Asymmetric, Magnetron and Other Special Forms of 
Low-Pressure Capacitive RF Discharges ................. 678 


xxiv 


10.7 


10.8 


Contents 


10.6.1 Asymmetric Discharges ...............0 0.00000. 678 
10.6.2 Comparison of Parameters Related to Powered and 

Grounded Electrodes in Asymmetric Discharges .... . 679 
10.6.3 Battery Effect, “Short Circuit” Regime of Asymmetric 

RF Discharges iss c3 oo ba hd See iaeo aA 680 
10.6.4 Secondary-Emission Resonant Discharge........... 681 
10.6.5 Radio-Frequency Magnetron Discharge, General 

JEEN a SAR csi ie oe, ban ee ee NAS EN 681 
10.6.6 Dynamics of Electrons in RF Magnetron Discharge . . . 683 
10.6.7 Properties of RF Magnetron Discharges............ 685 
10.6.8 Low-Frequency RF CCP Discharge, 

General Features... 0.0.0.0... cc eee 686 
10.6.9 Physical Characteristics and Parameters of 

Low-Frequency RF CCP Discharges .............. 687 
10.6.10 Electron Energy Distribution Functions in 

Low-Frequency RF CCP Discharges .............. 690 
Nonthermal ICP Discharges ..........0..00 00000000000. 693 
10.7.1 General Features of Nonthermal ICP Discharges ..... 693 
10.7.2 Inductively Coupled RF Discharge 

in Cylindrical Coil .. 0.2... eee eee 695 
10.7.3 Equivalent Scheme of Inductively Coupled RF 

Discharge co ic cnt ae EE ad Ae eee a aS oH 46 697 
10.7.4 Analytical Relations for ICP Discharge Parameters . . .698 
10.7.5 Moderate-Pressure and Low-Pressure Regimes of ICP 

Discharges 365.04. oct te kets tes eh Lee eee 699 

10.7.5.1 Moderate-Pressure Regime............... 699 

10.7.5.2 Low-Pressure Regime... ...........0005. 700 
10.7.6 Abnormal Skin Effect and Stochastic Heating of 

Blectrons? oc ss seth eS bet aay E ok NE 702 
10.7.7 Planar Coil Configuration of ICP Discharges ........ 703 
10.7.8 Helical Resonator Discharges ...............000. 705 
Nonthermal Low-Pressure Microwave and Other 
Wave-Heated Discharges ......... 0.0.0.0 e eee ee eee 707 
10.8.1 Nonthermal Wave-Heated Discharges............. 707 
10.8.2 Electron Cyclotron Resonance Microwave Discharges, 

General Features... 0.0... 0. 0c cc ee eee 707 
10.8.3 General Scheme and Main Parameters of 

ECR-Microwave Discharges ..............000005 708 
10.8.4 Electron Heating in ECR-Microwave Discharges ..... 709 
10.8.5 Helicon Discharges: General Features ............. 711 
10.8.6 Whistlers and Helicon Modes of Electromagnetic 

Waves Applied in Helicon Discharges ............. 713 
10.8.7 Antenna Coupling of Helicon Modes and Their 


Absorption in Plasma ............. 0.000000 e eee 714 


Contents XXV 
10.8.8 Electromagnetic Surface Wave Discharges, General 
P@Atures: a5 ici te gas, Ter to ete E Bee Ba aa ee EAEE 716 
10.8.9 Electric and Magnetic Field Oscillation Amplitudes in 
the Planar Surface Wave Discharges .............. 716 
10.8.10 Electromagnetic Wave Dispersion and Resonance in 
the Planar Surface Wave Discharges .............. 718 
10.9 Nonequilibrium Microwave Discharges of 
Moderate Pressure .... 0.0... eee 719 
10.9.1 Nonthermal Plasma Generation in Microwave 
Discharges at Moderate Pressures ................ 719 
10.9.2 About Energy Efficiency of Plasma-Chemical 
Processes in Moderate-Pressure 
Microwave Discharges ...... 0... 6c eee eee 720 
10.9.3 Microstructure and Energy Efficiency of Nonuniform 
Microwave Discharges ... 1... 0... 0c eee eee eee 720 
10.9.4 Macrostructure and Regimes of Moderate-Pressure 
Microwave Discharges ......... 0.6 e eee eee 722 
10.9.5 Radial Profiles of Vibrational T,(r) and Translational 
To(r) Temperatures in Moderate-Pressure Microwave 
Discharges in Molecular Gases ..............0000. 725 
10.9.6 Energy Efficiency of Plasma-Chemical Processes in 
Nonuniform Microwave Discharges .............. 725 
10.9.7 Plasma-Chemical Energy Efficiency of Microwave 
Discharges as a Function of Pressure .............. 727 
10.9.8 Power and Flow Rate Scaling of Space-Nonuniform 
Moderate-Pressure Microwave Discharges ......... 729 
Problems and Concept Questions ............. 000000000 730 
11. Discharges in Aerosols, Dusty Plasmas, and Liquids........... 739 
11.1 Photoionization of Aerosols .............. 00000000000. 739 
11.1.1 General Remarks on Macro-Particles 
Photoionization ........... 0.00.0. 739 


11.1.2 Work Function of Small and Charged Aerosol 

Particles, Related to Photoionization by 

Monochromatic Radiation.... 6.6.0.0... 00.00.0005 739 
11.1.3 Equations Describing the Photoionization of 

Monodispersed Aerosols by Monochromatic Radiation 740 
11.1.4 Asymptotic Approximations of the Monochromatic 


Photoionization ....... 0... aoaaa aea eee 741 
11.1.5 Photoionization of Aerosols by Continuous Spectrum 

Radiators fence ae ths, Bs aa ak wuts tata ata ea 743 
11.1.6 Photoionization of Aerosols by Radiation with 

Exponential Spectrum... ... 6.0... saarea 743 


11.1.7 Kinetics of Establishment of the Steady-State Aerosol 
Photoionization Degree. ..... suasanana sunarani 744 


xxvi 


11.2 


11.3 


11.4 


11.5 


Contents 


Thermal Ionization of Aerosols ...........00 0.00 ee eee ae 746 
11.2.1 General Aspects of Thermal Ionization of Aerosol 

Particles: teehee bt go Wee eee delle See BB aS 746 
11.2.2 Photo-Heating of Aerosol Particles ............... 746 
11.2.3 Ionization of Aerosol Particles due to Their 

Photo-Heating, the Einbinder Formula ............ 747 


11.2.4 Space Distribution of Electrons around a Thermally 
Ionized Macro-Particle: Case of High Aerosol 
Concentration... eeen itea i aaa ee 749 

11.2.5 Space Distribution of Electrons around a Thermally 
Ionized Macro-Particle: Case of Low Concentration of 


Aerosol Particles ..... onana nanana 751 
11.2.6 Number of Electrons Participating in Electrical 

Conductivity of Thermally Ionized Aerosols ........ 752 
11.2.7 Electrical Conductivity of Thermally Ionized Aerosols 

as a Function of External Electric Field ............ 753 
Electric Breakdown of Aerosols... ........00 0000 ee eee 754 
11.3.1 Influence of Macro-Particles on Electric Breakdown 

Conditions: sa sani kobe Golo we NN BA es 754 
11.3.2 General Equations of Electric Breakdown 

I Aerosols” ss o5 6606 cba k ae ee sessile beans anes 755 
11.3.3 Aerosol System Parameters Related 

to Its Breakdown... 6... ee eee 756 
11.3.4 Pulse Breakdown of Aerosols ..............00005 757 
11.3.5 Breakdown of Aerosols in High-Frequency 

Electromagnetic Fields ................ 0000000. 758 
11.3.6 Townsend Breakdown of Aerosols..............4. 759 
11.3.7 Effect of Macro-Particles on Vacuum Breakdown..... 760 


11.3.8 About Initiation of Electric Breakdown in Aerosols ...761 
Steady-State DC Electric Discharge in Heterogeneous 


Mediumi eamp te edad vite lho es i na nalare ee see 4 761 
11.4.1 Two Regimes of Steady-State Discharges in 
Heterogeneous Medium .................000005 761 
11.4.2 Quasi-Neutral Regime of Steady-State DC Discharge 
In Aerosols kir tada AIEE ee ens ek oid nae A 762 


11.4.3 Electron-Aerosol Plasma Regime of the Steady-State 
DC Discharge, Main Equations Relating Electric Field, 


Electron Concentration, and Current Density........ 763 
11.4.4 Electron—Aerosol Plasma Parameters as a Function of 

Current Density 2... 0.6... cee eee 764 
11.4.5 Effect of Molecular Gas on the Electron-Aerosol 

Plasma urs Ge en AP ee Se 765 
Dusty Plasma Formation: Evolution of Nanoparticles 
IPAS Ay ee hi eA eS, A, i A STA E NAIA A tt dh A 767 


11.5.1 General Aspects of Dusty Plasma Kinetics .......... 767 


Contents 


11.6 


11.7 


11.8 


xxvii 

11.5.2 Experimental Observations of Dusty Plasma 

Formation in Low-Pressure Silane Discharge ........ 768 
11.5.3 Dust Particle Formation: A Story of Birth and 

Catastrophic Life ..... suana aasan 769 
Critical Phenomena in Dusty Plasma Kinetics ............. 772 
11.6.1 Growth Kinetics of the First Generation of Negative 

Ton: Clusters: 20. a tes Ow eo Ea ae 772 
11.6.2 Contribution of Vibrational Excitation in Kinetics of 

Negative Ion—Cluster Growth ..............0000. 773 
11.6.3 Critical Size of Primary Nanoparticles............. 775 
11.6.4 Critical Phenomenon of Neutral Particle Trapping in 

Plasma tea A eh lige, ate, Ba alee San Ges me 776 
11.6.5 Size-Selective Neutral Particle Trapping Effect in 

Plasma seire bhutan ea th es Oa oss te cE ES 777 
11.6.6 Temperature Effect on Selective Trapping and Particle 

Production Rate .... 0.0... ce ens 779 
11.6.7 Critical Phenomenon of Supersmall Particle 

Coagulation .. 0.0... 0. cee eee 780 
11.6.8 Critical Change of Plasma Parameters during Dust 

Formation (the a-y Transition) .................. 783 
11.6.9 Electron Temperature Evolution in the o-y 

Transition ne eee i ahs eas 2 eb oe taht ae 784 
Nonequilibrium Clusterization in Centrifugal Field......... 786 
11.7.1 Centrifugal Clusterization in Plasma Chemistry ..... 786 
11.7.2 Clusterization Kinetics as Diffusion in Space of Cluster 

SIZES tA eh Ree eke Bag E eed eee ee hs, Wet 786 
11.7.3 Quasi-Equilibrium Cluster Distribution over Sizes. . . .787 
11.7.4 Magic Clusters .. 0... 0.0... eee eee eee 788 
11.7.5 Quazi-Steady-State Equation for the Cluster 

Distribution Function f (n, X) 2.2.0... eee ee eee 789 


11.7.6 Nonequilibrium Distribution Functions f (n, x) of 
Clusters without Magic Numbers in the Centrifugal 
Biel d eis oo Aces 2 ane 6 hd Aone I Oe Wa eS 790 
11.7.7 Nonequilibrium Distribution Functions f (n, x) of 
Clusters in the Centrifugal Field, Taking into Account 


the Magic Cluster Effect ..... 0.0... 0.0... .000000. 791 
11.7.8 Radial Distribution of Cluster Density............. 792 
11.7.9 Average Cluster Sizes... 0... ee eee 794 
11.7.10 Influence of Centrifugal Field on Average 

Cluster Sizes. seis fads ae an aes bod La eG 795 


11.7.11 Nonequilibrium Energy Efficiency Effect Provided by 
Selectivity of Transfer Processes in Centrifugal 
PCV Secs shed tute ets nee vice sade aa e E i EE A 795 
Dusty Plasma Structures: Phase Transitions, Coulomb 
Crystals, Special Oscillations . .... n... noaa anana 797 


xxviii Contents 


12. 


11.8.1 Interaction of Particles, and Structures in Dusty 


RlasmaS Sees d imee IAE E Se gra add enone de ee AE 797 
11.8.2 Nonideality of Dusty Plasmas................... 798 
11.8.3 Phase Transitions in Dusty Plasma ............... 799 
11.8.4 Coulomb Clusters Observation in Dusty Plasma of 
Capacitively Coupled RF-Discharge .............. 800 
11.8.5 3D-Coulomb Clusters in Dusty Plasmas of DC-Glow 
Discharges: so sii te tele eee SAT We OR RES 802 
11.8.6 Oscillations and Waves in Dusty Plasmas: Dispersion 
FQUAHON riepas e atl ee be oe Ea E yh acd 802 
11.8.7 Ionic Sound Mode in Dusty Plasma, Dust Sound ..... 804 
11.9 Discharges in Liquids ........ 0.0.0.0. eee 805 
11.9.1 General Features of Electrical Discharges 
in Liquids si pies Pe oes RAs Deed Ae Ga 805 
11.9.2 Mechanisms and Characteristics of Plasma Discharges 
DW. Water 2 tees eae Sess Fo eda ts Barents es Raa ie ee EATERS 805 
11.9.3 Physical Kinetics of Water Breakdown............. 806 
Problems and Concept Questions ............ 0.0000 e eee eee 809 
Electron Beam Plasmas ............. 00.00 cece eee teens 815 
12.1 Generation and Properties of Electron-Beam Plasmas ....... 815 
12.1.1 Electron-Beam Plasma Generation................ 815 


12.1.2 Ionization Rate and Ionization Energy Cost 
at Gas Irradiation by High Energy and Relativistic 


Electrons: scsi abies Saat ae he ee bn BAGS 816 
12.1.3 Classification of Electron-Beam Plasmas According to 

Beam Current and Gas Pressure ..............04- 817 
12.1.4 Electron-Beam Plasma Generation Technique ....... 818 
12.1.5 Transportation of Electron Beams ................ 819 


12.2 Kinetics of Degradation Processes, Degradation Spectrum. . . .820 
12.2.1 Kinetics of Electrons in Degradation 


Processes: oie fos od od GE lee ee gla aid E A pA 820 
12.2.2 Energy Transfer Differential Cross Sections and 

Probabilities during Beam Degradation Process...... 820 
12.2.3 The Degradation Spectrum Kinetic Equation........ 821 
12.2.4 Integral Characteristics of Degradation Spectrum, 

Energy Cost of a Particle... 0.0.2... 0.00. ..000000. 822 
12.2.5 The Alkhazov’s Equation for Degradation Spectrum of 

High-Energy Beam Electrons. ...............000. 822 
12.2.6 Solutions of the Alkhazov’s Equation ............. 823 

12.3 Plasma-Beam Discharge ........... 0.00 c cece eee eee 825 

12.3.1 General Features of Plasma-Beam Discharges ....... 825 


12.3.2 Operation Conditions of Plasma-Beam Discharges . . . 826 
12.3.3 Plasma-Beam Discharge Conditions Effective for 
Plasma-Chemical Processes. ...........00 00000 0e 827 


Contents 


Xxix 

12.3.4 Plasma-Beam Discharge Technique ............... 828 
12.3.5 Plasma-Beam Discharge in Crossed Electric and 

Magnetic Fields, Plasma-Beam Centrifuge.......... 829 
12.3.6 Radial Ion Current in Plasma Centrifuges, and Related 

Separation Effect. ... 0.0... 00... 830 
Nonequilibrium High-Pressure Discharges Sustained by 
High-Energy Electron Beams ............. 000000 831 
12.4.1 Non-Self-Sustained High Pressure Discharges ....... 831 
12.4.2 Plasma Parameters of the Non-Self-Sustained 

Discharges: . messa dee eee owes ee ie ek 832 
12.4.3 Maximum Specific Energy Input and Stability of 

Discharges Sustained by Short-Pulse Electron Beams . . 833 
12.4.4 About Electric Field Uniformity in Non-Self-Sustained 

Discharges 0.0.05 mairi eiae Stal Paw ee eet 834 
12.4.5 Nonstationary Effects of Electric Field Uniformity 

in Non-Self-Sustained Discharges ................ 835 
Plasma in Tracks of Nuclear Fission Fragments, Plasma 
Radiðlýsis ee i Soe Data eR dk Sta eae ee ony yd 836 
12.5.1 Plasma Induced by Nuclear Fission Fragments ...... 836 
12.5.2 Plasma Radiolysis of Water Vapor ................ 837 
12.5.3 Maxwellization of Plasma Electrons and Plasma Effect 

in Water Vapor Radiolysis................000005 838 
12.5.4 Effect of Plasma Radiolysis on Radiation Yield of 

Hydrogen Production .......... 0.0.0.0 0 00 eee 839 
12.5.5 Plasma Radiolysis of Carbon Dioxide ............. 840 
12.5.6 Plasma Formation in Tracks of Nuclear Fission 

Fragments? sts o ieee eit kha ee eet a a aluna 841 
12.5.7 Collisionless Expansion of Tracks of Nuclear Fission 

Fragments e. Ae e Ta san i A dios E E AEG 842 
12.5.8 Energy Efficiency of Plasma Radiolysis in Tracks of 

Nuclear Fission Fragments ............ 0.000000. 843 
Dusty Plasma Generation by a Relativistic Electron Beam .. . . 845 
12.6.1 General Features of Dusty Plasma Generated by 

Relativistic Electron Beam Propagation in Aerosols . . . 845 
12.6.2 Charging Kinetics of Macro-Particles Irradiated by 

Relativistic Electron Beam... .......... 00000 e eee 845 
12.6.3 Conditions of Mostly Negative Charging of Aerosol 

Particles? er die fle LEP le Ae as I tte fey 846 
12.6.4 Conditions of Balance between Negative Charging of 

Aerosol Particles by Plasma Electrons and Secondary 

Electron Emission ........... 000 cece eee eee 847 
12.6.5 Regime of Intensive Secondary Electron Emission, 


Conditions of Mostly Positive Charging of Aerosol 
Particles: sisp S das Baa ge oe Se eh ee E Cath ae Soe ie 847 


XXX Contents 


12.6.6 Electron Beam Irradiation of Aerosols in Low 


Pressure Gasy oaod Sre E EE KERRO D De ae 848 
Problems and Concept Questions .. n... sonanu sasear 849 
References inste ob a ea a Sects whan E hi N E N one N 853 


Preface 


Plasma plays an important role in a wide variety of industrial processes 
including material processing, environmental control, electronic chip man- 
ufacturing, light sources, green energy, fuel conversion and hydrogen pro- 
duction, biomedicine, flow control, catalysis, and space propulsion. It is also 
central to understanding most of the universe outside Earth. As such, the 
focus of this monograph is to provide a thorough introduction to the subject 
and to be a valued reference that serves engineers and scientists as well as 
students. Plasma is not an elementary subject and the reader is expected 
to have the normal engineering background in thermodynamics, chemistry, 
physics, and fluid mechanics upon which to build an understanding of this 
subject. The text is organized into two parts. Part I addresses the basic physics 
of plasma and Part II addresses the physics and engineering of electric dis- 
charges. The text is adaptable to a wide range of needs. This book is intended 
for graduate and senior level students from most engineering disciplines 
and physics. For the latter, it can be packaged to focus on the basic physics 
of plasma with only selections from discharge applications. For graduate 
courses, a faster pace can be set covering Parts I and II. 

This second edition of Plasma Physics and Engineering follows the general 
outline of the first edition but includes many enhancements and some totally 
new subjects. Substantial sections are added in the second edition to cover 
new fundamental subjects regarding interaction and dynamics of streamers, 
plasma-flow interaction, high-speed plasma aerodynamics, plasma-—surface 
interaction, and mechanisms and kinetics of plasma—medical processes. 
Regarding electric discharges applied in plasma chemistry and plasma engi- 
neering, substantial new sections are added to cover atmospheric pressure 
glow discharges (APG), atmospheric pressure plasma jets (APPJ), plasma 
bullets, resistive barrier discharges (RBD), discharges in reverse-vortex (“tor- 
nado”) flow, and glidarc-plasmatron discharges. In the second edition, several 
new sections are focused on such novel plasma sources as microdischarges 
and discharges in liquids. In addition, dozens of smaller additions improve 
the depth and breadth of the coverage of many subjects. 


Alexander Fridman 
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Part I 


Fundamentals of Plasma 
Physics and Plasma 
Chemistry 


1 


Plasma in Nature, in the Laboratory, 
and in Industry 


The term plasma is often referred to as the fourth state of matter. As the 
temperature increases, molecules become more energetic and transform state 
of the matter in the sequence: solid, liquid, gas, and plasma. In the latter 
stages, molecules in the gas dissociate to form a gas of atoms and then a gas 
of freely moving charged particles, electrons and positive ions. This state is 
called the plasma state, a term attributed to Langmuir to describe the region 
of a discharge that was not influenced by the walls and/or electrodes. It is 
characterized by a mixture of electrons, ions, and neutral particles moving 
in random directions that on the average is electrically neutral (ne = nj). In 
addition, plasmas are electrically conducting due to the presence of these 
free charge carriers and can attain electrical conductivities larger than metals 
such as gold and copper. Plasma is not only the most energetic state of matter, 
but also the most challenging for scientists. The temperature of the charged 
particles in plasma can be so high that their collisions can result in thermo- 
nuclear reactions! Plasmas occur naturally, but also can be man made. Plasma 
generation and stabilization in the laboratory and in industrial devices is not 
easy, but very promising for many modern applications, including thermo- 
nuclear synthesis, electronics, lasers, and many others. Most of your computer 
hardware is made based on plasma technologies, and do not forget about the 
very large and thin TV plasma screens so popular today. 

Plasmas offer two main characteristics for practical applications. First, they 
can have temperatures and energy densities higher than those produced 
by ordinary chemical means. Second, plasmas are able to produce, even at 
low temperatures, energetic species that can initiate chemical reactions that 
are difficult or impossible to obtain using ordinary chemical mechanisms. 
The energetic species generated cover a wide spectrum of species, for exam- 
ple, charged particles including electrons, ions, and radicals, highly reactive 
neutral species such as reactive atoms (e.g., O, F, etc.), reactive molecular 
fragments, photons of different wavelength, and excited atomic states. Plas- 
mas can also initiate physical changes in material surfaces. Applications of 
plasma can provide major benefits over existing methods. Often processes 
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can be performed that are not possible in any other manner. Plasma can pro- 
vide an efficiency increase in processing methods and often can reduce the 
environmental impact when compared with more conventional processes. 


1.1 Occurrence of Plasma: Natural and Man Made 


Although somewhat rare on Earth, plasmas occur naturally and comprise the 
majority of the universe encompassing among other phenomena, the solar 
corona, solar wind, nebula, and the earth’s ionosphere. In the earth’s atmo- 
sphere, plasma is often observed as a transient event in the phenomenon of 
lightning strokes. Since air is normally nonconducting, large potential differ- 
ences can be generated between clouds and earth during storms. Lightning 
discharges occur to neutralize the accumulated charge in the clouds. Such 
discharges occur in two phases. First an initial leader stroke progresses in 
steps across the potential gap between clouds or the earth. This leader stroke 
creates a low degree of ionization in the path and provides the conditions 
for the second phase—the return stroke—to occur. The return stroke creates a 
highly conducting plasma path for the large currents to flow and neutral- 
ize the charge accumulation in the clouds. At altitudes of approximately 
100 km, the atmosphere no longer remains nonconducting due to its inter- 
action with solar radiation. From the energy absorbed through these solar 
radiation processes, a significant number of molecules and atoms become ion- 
ized and makes this region of the atmosphere into plasma. As one progress 
further into near-space altitudes, the earth’s magnetic field interacts with the 
charged particles streaming from the sun. These particles are diverted and 
often become trapped by the earth’s magnetic field. The trapped particles are 
most dense near the magnetic poles and account for Aurora Borealis. Light- 
ning and Aurora Borealis are the most common natural plasma observed 
on earth, and one may think that these are exceptions. However, the earth’s 
atmospheric environment in which we live is an anomaly; we live in a bub- 
ble of un-ionized gas surrounded by plasma. Lightning occurs at relatively 
high pressures and Aurora Borealis at low pressures. Pressure has a strong 
influence on plasma, affecting its respective luminosity, energy, or tempera- 
ture and the plasma state of its components. Lightning consists of a narrow, 
highly luminous channel with numerous branches. The Aurora Borealis is a 
low luminosity, diffuse event. Since plasmas occur over a wide range of pres- 
sures, it is customary to classify them in terms of electron temperatures and 
electron densities. Figure 1.1 provides a representation of the electron tem- 
perature and electron densities (in cm?) typical of natural and man made 
plasmas. The electron temperature is expressed in electron volt (eV); one elec- 
tron volt is equal to approximately 11,600 K. Man made plasma range from 
slightly above room temperature to temperatures comparable to the interior 
of stars. Electron densities span over 15 orders of magnitudes. However, most 
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Operating regions of natural and man made plasma. 


plasmas of practical significance have electron temperatures of 1-20 eV with 
electron densities in the range 10°-10!8cm~%. Not all particles need to be ion- 
ized to become plasma; a common condition is for the gases to be partially 
ionized. Under the latter conditions one must examine the particle densities 
to determine if it is plasma. If there is a very low density of charged parti- 
cles, the influence of the neutral particles can swamp the effects of interaction 
between charged ones. Under these conditions, the neutral particles dominate 
the collision process. The laws of force appropriate to the specific particles 
govern collisions. For neutral particles, collisions are governed by forces that 
are significant only when the neutral particles are in close proximity to each 
other. Conversely, the long range Coulomb’s Law governs collisions between 
charged particles. Hence, the behavior of collision will change as the degree 
of ionization increases with Coulomb interactions becoming more important. 
Coulomb’s Law will govern all particles in fully ionized plasma. 

Langmuir was one of the early pioneers who studied gas discharges, and 
defined plasma to be a region not influenced by its boundaries. The transition 
zone between the plasma and its boundaries was termed the plasma sheath. 
The properties of the sheath differ from those of the plasma and these bound- 
aries influence the motion of the charged particles in this sheath. They form 
an electrical screen, shielding the plasma from influences of the boundary. As 
in any gas, the temperature is defined by the average kinetic energy of the par- 
ticle, molecule, atom, neutral, or charge. Thus plasmas will typically exhibit 
multiple temperatures unless there are sufficient collisions between particles 
to equilibrate. However, since the mass of an electron is much less than the 
mass of a heavy particle, many collisions are required for this to occur. 


6 Plasma Physics and Engineering 


The use of an electric discharge is one of the most common ways to 
create and maintain plasma. Here the energy from the electric field is accu- 
mulated by the electrons between collisions that subsequently transfer a 
portion of this energy to the heavy neutral particles through collisions. Even 
with a high collision frequency, the electron temperature and heavy parti- 
cle temperature normally will be different. Since the collision frequency is 
pressure-dependent, high pressures will increase the collision frequency, and 
the electron’s mean free path between collisions will decrease. One can show 
that the temperature difference between electrons and the heavy neutral parti- 
cles is proportional to the square of the ratio of the energy an electron receives 
from the electric field (E) to the pressure (p). Only in the case of small values 
of E/p, does the temperatures of electrons and heavy particles approach each 
other. Thus, this is a basic requirement for local thermodynamic equilibrium 
(LTE) in plasma. Additionally, LTE conditions require chemical equilibrium 
as well as restrictions on the gradients. When these conditions are met, the 
plasma is termed thermal plasma. Conversely, when there are large depar- 
tures from these conditions (Te > Tn), the plasma is termed a nonequilibrium 
plasma or nonthermal plasma. As an example, for plasma generated by glow 
discharges, the operating pressures are normally less than 1 kPa and have 
electron temperatures of the order of 104 K with ions and neutral temper- 
atures approaching room temperatures. Physics, engineering aspects, and 
application areas are quite different for thermal and nonthermal plasmas. 
Thermal plasmas are usually more powerful, while nonthermal plasmas are 
more selective. However, these two very different types of ionized gases have 
much more features in common and both are plasmas. 


ee 
1.2 Gas Discharges 


There are many well-established uses of plasma generated by an electric dis- 
charge. Historically, it was the study of such discharges that laid the initial 
foundation of much of our understanding of plasma. In principle, discharges 
can be simply viewed as two electrodes inserted into a glass tube and con- 
nected to a power supply. The tube can be filled with various gases or 
evacuated. As the voltage applied across the two electrodes increases, the 
current suddenly increases sharply at a certain voltage characteristic of an 
electron avalanche. If the pressure is low, of the order of a few Torr, and the 
external circuit has a large resistance to prohibit a large current flow, a glow 
discharge develops. This is a low current, high voltage device in which the 
gas is weakly ionized (plasma). Glow discharges are widely used and are a 
very important type of discharge. They form the basis of fluorescent lighting. 
Such a discharge is present in every fluorescent lamp and the voltage current 
characteristics of such discharges are widely employed in constant voltage 
gas tubes used in electronic circuits. Other common gas vapor discharges 
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used for lighting are of mercury vapor and neon. In power electronics appli- 
cations, the need for switching and rectification has been addressed with the 
development of the thyratron and ignitron, which are important constant 
voltage gas tubes. If the pressure is high, of the order of an atmosphere, and 
the external circuit resistance is low, a thermal arc discharge can form follow- 
ing breakdown. Thermal arcs usually carry large currents, greater than 1 A at 
voltages of the order of tens of volts. Further, they release large amounts of 
thermal energy. These types of arcs are often coupled with a gas flow to from 
high temperature plasma jets. A corona discharge occurs only in regions of 
sharply nonuniform electric fields. The field near one or both electrodes must 
be stronger than in the rest of the gas. This occurs near sharp points, edges or 
small diameter wires. These tend to be low-power devices limited by the onset 
of electrical breakdown of the gas. However, it is possible to circumvent this 
restriction through the use of pulsating power supplies. Many other types of 
discharges are variations or combinations of these. The gliding arc is one such 
example. Beginning as a thermal arc located at the shortest distance between 
the electrodes, it moves with the gas flow at a velocity about 10 m/s and the 
length of the arc column increases together with the voltage. When the length 
of the gliding arc exceeds its critical value, heat losses from the plasma col- 
umn begins to exceed the energy supplied by the source, and it is not possible 
to sustain the plasma in a state of thermodynamic equilibrium. As a result, 
a fast transition into a nonequilibrium phase occurs. The discharge plasma 
cools rapidly to a gas temperature Tn = 1000 K and the plasma conductivity 
is maintained by a high value of the electron temperature Te = 1 eV (about 
11,000 K). After this fast transition, the gliding arc continues its evolution, but 
under nonequilibrium conditions (Te >> Tn). The specific heat losses in this 
regime are much smaller than in the equilibrium regime (numerically about 
three times less). The discharge length increases up to a new critical value 
approximately three times its original critical length. The main part of the 
gliding arc power (up to 75-80%) can be dissipated in the nonequilibrium 
zone. After the decay of the nonequilibrium discharge, the evolution repeats 
from the initial break down. This permits the stimulation of chemical reactions 
in regimes quite different from conventional combustion and environmental 
situations. It provides an alternate approach to addressing energy conserva- 
tion and environmental control. Figure 1.2 illustrates the gliding arc. Many 
of the features in these discharges are also typical for discharges in rapidly 
oscillating fields where electrodes are not required. As such, classification of 
discharges have been developed which do not involve electrode attributes. 
Such a classification is based upon two properties: (a) the state of the ionized 
gas; (b) the frequency range of the electric field. The state of the ionized gas 
distinguishes between (i) breakdown of the gas, (ii) sustaining nonequilib- 
rium plasma by the electric field, and (iii) sustaining an equilibrium plasma. 
The frequency criteria classify the field into: (1) DC or low frequency and 
pulsed electric fields; (2) radio frequency electric fields; (3) microwave fields; 
and (4) optical fields. These are summarized in Table 1.1. 
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(b) 


FIGURE 1.2 
(a) Gliding arc viewed with normal photography. (b) Gliding arc viewed with high-speed 
photography. (c) Vortex gliding arc. 


1.3 Plasma Applications, Plasmas in Industry 


Although this text mainly focuses upon the fundamentals of plasma physics 
and engineering, ultimately we are interested in the application of plasmas. 
See Plasma Chemistry by Fridman (2008) for applications of plasmas. The 
number of industrial applications of plasma technologies is extensive and 
involves many industries, especially electronics, lighting, coatings, treatment 


TABLE 1.1 


Classification of Discharges 


Nonequilibrium Equilibrium 
Breakdown Plasma Plasma 
Constant electric field Initiation of glow Glow discharge High pressure arc 
discharge 
Radio frequencies Initiation of RF Capacitively Inductively coupled 
discharge in coupled RF plasma 
rarefied gas discharge in 
rarefied gas 
Microwave Breakdown in Microwave Microwave 
waveguides discharge in plasmatron 
rarefied gas 
Optical range Gas breakdown by Final stage optical Continuous optical 


laser radiation breakdown discharge 
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and processing of materials, metallurgy, and energy systems. High energy 
efficiency, specific productivity, and selectivity may be achieved in plasmas 
for a wide range of chemical processes. As an example, for CO2 dissociation 
in nonequilibrium plasmas under supersonic flow conditions, it is possible 
to selectively introduce up to 90% of total discharge power in CO produc- 
tion when the vibrational temperature is about 4000 K and the translational 
temperature is only 0 (300 K). The specific productivity of such a supersonic 
reactor achieves 1 million liters/h, with power levels up to 1 MW. The key 
point for practical use of any chemical process in a particular plasma sys- 
tem is to find the proper regime and optimal plasma parameters among the 
numerous possibilities intrinsic to systems far from equilibrium. In particular, 
it is desired to provide high operating power for the plasma chemical reac- 
tor together with high selectivity of the energy input while simultaneously 
maintaining nonequilibrium plasma conditions. Generally, two very different 
kinds of plasmas are used for applications. Thermal plasma generators have 
been designed for many diverse industrial applications covering a wide range 
of operating power levels from less than 1 kW to more than 50 MW. How- 
ever, in spite of providing sufficient power levels, these are not well adapted 
to the purposes of plasma chemistry, where selective treatment of reactants 
(through the excitation of molecular vibrations or electron excitation) and 
high efficiency are required. The main drawback of using thermal plasmas is 
overheating the reaction medium when energy is uniformly consumed by the 
reagents into all degrees of freedom and hence, the high energy consumption 
required to provide special quenching of the reagents, and so on. Because of 
that, the energy efficiency and selectivity of such systems are rather small. 
Promising plasma parameters are achievable in microwave discharges. Skin 
effect here permits simultaneous achievement of a high level of electron den- 
sity and a high electric field (and hence a high electronic temperature as well) 
in the relatively cold gas. Existing super high frequency discharge technol- 
ogy can be used to generate dense (ne = 10! electrons/cm*) nonequilibrium 
plasmas (Te = 1—2 eV, Ty = 3000—5000 K, Tn = 800—1500 K, for supersonic 
flow Tn < 150 K and less) at pressures up to 200-300 Torr and at power levels 
reaching 1 MW. 

An alternative approach for plasma-chemical gas processing is the nonther- 
mal one. Silent discharges such as glow, corona, short pulse, microwave or 
radio frequency (RF) electrical discharges are directly produced in the pro- 
cessed gas, mostly under low pressure. The glow discharge in a low-pressure 
gas is a simple and inexpensive way to achieve nonthermal plasma. Here, the 
ionization processes induced by the electric field dominate the thermal ones 
and give relatively high-energy electrons as well as excited ions, atoms and 
molecules that promote selective chemical transitions’ However, the power 
of glow discharges is limited by the glow to arc transition. Gas, initially below 
1000 K, becomes very hot (>6000 K), and the electron temperature, initially 
sufficiently high (>12,000 K), cools close to the bulk gas temperature. The 
discharge voltage decreases during such a transition, making it necessary to 
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increase the current in order to keep the power on the same level, which in 
turn leads to thermalization of the gas. Thus, cold nonequilibrium plasmas 
created by conventional glow discharges offer good selectivity and efficiency, 
but at limited pressures and power levels. In these two general types of plasma 
discharges, it is impossible to simultaneously keep a high level of nonequi- 
librium, high electron temperature, and high electron density, whereas most 
perspective plasma chemical applications simultaneously require high power 
for high reactor productivity and a high degree of nonequilibrium to sup- 
port selective chemical process. Recently, a simpler technique offering similar 
advantages has been proposed, the Gliding arc. Sucha gliding arc occurs when 
the plasma is generated between two or more diverging electrodes placed 
in a fast gas flow. It operates at atmospheric pressure or higher pressures 
and the dissipated power at nonequilibrium conditions reaches up to 40 kW 
per electrode pair. The incontestable advantage of the Gliding Arc compared 
with microwave systems is its cost; it is much less expensive compared with 
microwave plasma. 


ee 
1.4 Plasma Applications for Environmental Control 


Low-temperature, nonequilibrium plasma is an emerging technology for 
abating low VOC emissions. These nonequilibrium plasma processes have 
been shown to be effective in treating a wide range of emissions includ- 
ing aliphatic hydrocarbons, chlorofluorocarbons, methyl cyanide, phosgene, 
formaldehyde, as well as sulfur and organophosphorus compounds. Such 
plasmas may be produced by a variety of electrical discharges or electron 
beams. The basic feature of nonequilibrium plasma technologies is that they 
produce plasma in which the majority of the electric energy (more than 99%) 
goes into production of energetic electrons, instead of heating the entire gas 
stream. These energetic electrons produce excited species, free radicals and 
ions as well as additional electrons through the electron impact dissocia- 
tion, excitation and ionization of the background molecules. These excited 
species, in turn, oxidize, reduce, or decompose the pollutant molecules. This 
is in contrast to the mechanism involved in thermal processes that require 
heating the entire gas stream in order to destroy pollutants. In addition, the 
low-temperature plasma technology is highly selective and has relatively low 
maintenance requirements. Its high selectivity results in relatively low energy 
costs for emission control, while low maintenance keeps annual operating 
expenses low. Furthermore, these plasma discharges normally are very uni- 
form and homogeneous which results in high process productivity. Although 
the products of these plasma processes are virtually indistinguishable from 
incineration products (CO2, H20, SO», etc.), chemical reactions occurring dur- 
ing plasma discharges are substantially different from that occurring during 
incineration. Large electric fields in discharge reactors create conditions for 
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electric breakdowns during which many electron-ion pairs are formed. Pri- 
mary electrons are accelerated by the electric field and produce secondary 
ionization, and so forth. Created excited species, atoms, radicals, molecular 
and atomic ions, electrons and radicals are capable of interacting to a cer- 
tain degree with VOCs. Table 1.2 illustrates different plasma approaches to 
VOC destruction. Electron beams produce plasma of the best quality with 
average electron energy of 5-6 eV. Pulsed corona discharges stand very close 
(3-5 eV). But corona discharges have the advantage of lower capital cost. Gen- 
erally, both technologies have already found applications for gas treatment 
form NO, and SO emissions in coal power plants. The capability of treating 
large gas streams make e-beams and pulsed corona discharges the primary 
candidates considered for VOC abatement. Here we just discussed one spe- 
cific plasma application for environmental control in order to introduce some 
general parameters characterizing such processes. 


ee 
1.5 Plasma Applications in Energy Conversion 


Plasma applications in energy conversion are many. The most publicized are 
those related to controlled thermonuclear fusion reactions, magnetohydrody- 
namic (MHD) power generation and thermionic energy conversions. Fusion 
reactions are the source of the sun’s energy. It is also the basis of our thermonu- 
clear weapons and the more peaceful application goal of power generation. 
To undergo fusion reactions, the nuclei must interact at very close proximity 
by overcoming the electrostatic repulsive force between particles. Thus they 
must approach each other at high velocities. If one simply employs oppos- 
ing beams of particles to do this, too many particles would be scattered to 
make this a practical approach. One must reflect the scattered particles back 
into the reactor as often as necessary to generate the fusion reaction. For deu- 
terium, the required temperature exceeds 100 x 10° K to produce a significant 
amount of fusion. At these temperature, any gas is fully ionized and therefore 
a plasma. The engineering problem for controlled fusion is then to contain 
this high temperature gas for a sufficiently long time interval for the fusion 
reactions to occur and then extract the energy. The only way to contain such 
plasma is to exploit its interactions with magnetic fields. This long-term effort 
is being pursued at national laboratories in many countries. 

The MHD generator exploits the flow of plasma interacting with a magnetic 
field to generate electrical power. From Maxwell’s equations, the interaction 
of a flowing plasma with a magnetic field (B) will give rise to an induced 
electric field (E=v x B). Energy can be extracted if electrodes are placed across 
this flow permitting a current flow through the plasma. This in turn gives rise 
to a force (J x B) opposite to the flow that decelerates it. A variation of this 
concept is the plasma accelerator wherein one configures the applied fields 
to create an accelerating force. Thermionic generators are another example 
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of a plasma energy converter. The simplest configuration is a basic diode 
where the anode is cooled and a heated cathode causes electron emission. 
The region between the electrodes is filled with cesium vapor which can be 
easily ionized either through contact with the hot cathode or through multiple 
steps in the gas. The space charge is neutralized by the positive cesium ions 
and allows high current to flow. Many different configurations are possible 
and they provide power generation for space vehicles and mobile power 
generators. They also have been proposed for miniature mobile power units to 
replace batteries. Serious attention is now directed at plasma applications for 
hydrogen production from different hydrocarbons, including coal, biomass, 
and organic wastes. Plasma discharges can be effectively combined in this 
case with catalytic and different hybrid systems. 


1.6 Plasma Application for Material Processing 


Plasma applications abound in material processing. Initially thermal plas- 
mas were employed due to the high temperatures they achieved over those 
obtainable from gaseous flames. While combustion flame temperatures are 
limited to approximately 3300 K, a small plasma jet generated by the gas 
flowing through a thermal electric arc provides a working temperature of 
approximately 6500 K. When one considers the melting and/or vaporiza- 
tion points of many metals and ceramics, it is obvious that these arcs are 
extremely useful processing tools. More powerful arcs can generate tempera- 
tures to 20,000-30,000 K, which provides an environment for activated species 
surface modifications. The use of electric arcs for welding, melting of metals, 
high purity metal processing is well established. Plasma is widely employed 
in the coating industry where its large enthalpy content, high temperatures 
and large deposition rates are advantageous for increased throughputs. It 
provides the ability to mix and blend materials that are otherwise incompati- 
ble. Complex alloys, elemental materials, composites and ceramics can all be 
deposited. Among others, it is the preferred process for the manufacture of 
electronic components, wear and heat resistant coatings. With the advent of 
nanostructured metals, nanopowder production and in situ coating of these 
nanoparticles is accomplished with plasma processing. 

Surface modification of certain classes of materials is performed using 
plasma environments. For example, while the choice of a polymer for a specific 
application is generally driven by the bulk properties of the polymer, many 
common polymer surfaces are chemically inert and, therefore, pose challenges 
for use as substrates for applied layers. In typical applications, where wet- 
ting and adhesion are critical issues, are printing, painting, and metallization, 
surface modification by plasma treatment of polymer surfaces can improve 
wetting, bonding, and adhesion characteristics without sacrificing desirable 
bulk properties of the polymer base material. Plasma treatments have proven 
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useful in promoting adhesion of silver to polyethyleneterephthalate. In 
addition, plasma treatments of polyester have been demonstrated to promote 
adhesion of gelatin-containing layers such as the ones used in the produc- 
tion of photographic films. In both of these examples, the low frequency 
capacitively coupled nitrogen plasmas have proven particularly effective. 


1.7 Breakthrough Plasma Applications in Modern 
Technology 


The most exciting applications of plasma are those that have no analogies 
and no (or almost no) competing processes. A good relevant example is 
plasma applications in microelectronics, such as etching of deep trenches 
(0.2 um wide and 4 um deep) in single crystal silicon, which is so important 
in the fabrication of integrated circuits. Capabilities of plasma processing in 
microelectronics are extraordinary and unique. We probably would not have 
achieved such powerful and compact computers and cell phones without 
plasma processing. When all alternatives fail, plasma remains as a viable 
and valuable tool. There are other applications where plasma processes are 
not only highly efficient, but also actually unique. For example, there are no 
other technologies that have competed with plasma for production of ozone 
(for more than 100 years); thermonuclear plasma is a unique major future 
source of energy; low-temperature fuel conversion with production of hydro- 
gen without CO? exhaust is another example of a unique breakthrough energy 
technology. Applications of plasmas in biological and biomedical fields have 
paradigm shift in therapeutics, wound healing, and disease control are in 
the use. These applications are growing at a rapid rate and have opened 
new possibilities to treat diseases and wounds that are resistant to traditional 
methods. 


2 


Elementary Processes of Charged Species 
in Plasma 


2.1 Elementary Charged Particles in Plasma and Their 
Elastic and Inelastic Collisions 


Because plasma is an ionized medium, the key process in plasma is ioniza- 
tion. This means conversion of a neutral atom or a molecule into a positive ion 
and also an electron, as illustrated in Figure 2.1a. The main two participants 
of the ionization process, electrons and positive ions, are the most important 
charged particles in plasma. Normally, concentrations or number densities of 
the electrons and the positive ions are equal or near equal in quasi-neutral 
plasmas, but in “electronegative” gases it can be different. Electronegative 
gases like O2, Clo, SF6, UF6, TiCl4 consist of atoms or molecules with a high 
electron affinity, which means they strongly attract electrons. Electrons stick 
to such molecules or collide with them resulting in the formation of negative 
ions, the third important group of charged particles in plasmas. Concentra- 
tion of negative ions can exceed those of electrons in electronegative gases. 
Illustrations of electron attachment and negative ion formation are given in 
Figure 2.1b. Charged particles can also appear in plasma in more complicated 
forms. In high pressure and low temperature plasmas, the positive and nega- 
tive ions attach to neutral atoms or molecules to form quite large complex ions 
or ion clusters, for example, N3 N? (N$), O~CO2 (CO3), Ht H20 (H3O*) (see 
Figure 2.1c). Ion—molecule bonds in complex ions are usually not as strong 
as regular chemical bonds, but stronger than intermolecular bonds in neutral 
clusters. 


2.1.1 Electrons 


Electrons are elementary, negatively charged particles with a mass about 
three to four orders of magnitude less than the mass of ions and neu- 
tral particles (electron charge is an elementary one: e = 1.6 x 1071? C, mass 
Me = 9.11 x 1073! kg). Because of their lightness and high mobility, electrons 
are the first particles that receive energy from electric fields. Afterward, the 
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Illustrations of elementary processes. (a) Ionizations. (b) Dissociative attachment and formation 
of a negative ion. (c) Complex ion formation. 


electrons transmit the energy to all other plasma components, providing 
ionization, excitation, dissociation, and so on. 

Electrons are energy providers for many plasma-chemical processes. The 
rate of such processes depends on the number of electrons having sufficient 
energy to do the job. This can be described by means of the electron energy 
distribution function f (e), whichis a probability density for an electron to have 
the energy e (probability for an electron to have energy between e and £ + A 
divided by A). Quite often this distribution function strongly depends upon 
the electric field and gas composition, and can be very far from equilibrium. 
Sometimes, however, (even in nonequilibrium plasmas of nonthermal dis- 
charges), the f (e) depends mostly on electron temperature Te, and can then be 
defined by the quasi-equilibrium Maxwell-Boltzmann distribution function: 


f (€) = 2y £/n(kTe)? exp(—e/kTe), (2.1.1) 


where k is the Boltzmann constant (if temperature is given in energy units, 
then k = 1 and can be omitted; we will follow this rule throughout the book). 
For this case, the mean electron energy, which is the first moment of the 
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distribution function, is proportional to the temperature in the traditional 
way: 
T 3 
(e) = | ef (e) de = zTe (2.1.2) 
0 


Numerically, in most of plasmas under consideration, the mean electron 
energy ranges from 1 eV to 5 eV. 


2.1.2 Positive lons 


Atoms or molecules lose their electrons in ionization processes and form 
positive ions (Figure 2.1a). In extremely hot thermonuclear plasmas, the 
ions are multicharged, but in quasi-cold technological plasmas of interest, 
their charge is usually equal to +e (1.6 x 1071? C). Ions are heavy parti- 
cles, so commonly they cannot receive high energy directly from an electric 
field, because of intense collisional energy exchange with other plasma com- 
ponents. The collisional nature of the energy transfer results in the ion 
energy distribution function usually being not far from the quasi-equilibrium 
Maxwell-Boltzmann distribution function (Equation 2.1.1), with the ion tem- 
perature T; close to the neutral gas temperature Tp. However, in some 
low-pressure discharges and sheaths, ion energy can be quite high. 

One of the most important parameters of plasma generation is an ionization 
energy I, which is the energy needed to form a positive ion. Ionization requires 
quite a large amount of energy and, as a rule, defines the upper limit of 
microscopic energy transfer in plasma. Detailed information on ionization 
energies are available, for example, in Kondratiev (1974). For some gases 
important in applications, the ionization energies are given in Table 2.1. Noble 
gases like He and Ne have the highest ionization energies I. Alkali metal 
vapors like Liz have the lowest value of I; so even a very small addition of 
such metals can dramatically stimulate ionization. 


2.1.3 Negative lons 


Electron attachment to atoms or molecules results in the formation of negative 
ions (Figure 2.1b), whose charge is equal to —e (1.6 x 107} C). Attachment 
of another electron and formation of multicharged negative ions is actually 
impossible in the gas phase because of electric repulsion. Negative ions are 
heavy particles, so usually their energy balance is not due to the electric field, 
but rather due to collisional processes. The energy distribution functions for 
negative ions (the same as for positive ones) are not far from Maxwellian 
equation 2.1.1, with temperatures also close to that of the neutral gas. 
Electron affinity (EA) can be defined as the energy release during attach- 
ment processes, or as the bond energy between the attaching electron and 
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TABLE 2.1 

Ionization Energies for Different Atoms, Radicals, and Molecules 

Reaction Process I (eV) Reaction Process I (eV) 
e+N2 =N; +e+e 15.6 e Oz = OF e+e 12.2 
e +CO = CO} +e +e 13.8 e+CO=COt+et+e 14.0 
e+H = H; +e +e 15.4 e+OH=OH*t+e+e 13.2 
e+H20 = HOt +e +e 12.6 e+Fz =F} +e+e 15.7 
e + H2S =H2ST +e +e 10.5 e+ HS = HST +e+e 10.4 
e +SFe = SF} +e +e 16.2 e+SiH4 =SiH}] +e+e 11.4 
e+UFy = UF} +e +e 14.1 e+Csy=Csy +e+e 3.5 
e+ Lip = Lij +e +e 49 e+K,=Kj+e+t+e 3.6 
e+ CH4 = CH} +e +e 12.7 e+C2H2 = C2H7 +e +e 11.4 
e+CFy= CFT +e+e 15.6 e+CCly=CCl{ +e+e 11.5 
e+H=Ht+e+e 13.6 e+O=Ot+et+e 13.6 
e+He=Het+e+e 24.6 e+Ne=Ne™+e+e 21.6 
e+Ar= Art +e+e 15.8 e+Kr=Krt+e+e 14.0 
e+Xe=Xet+ete 12.1 e+N=Nt+e+e 14.5 
e + Co)H50H = e+ C2H5O0H* + 2e 0.5 e+CH3COOH =e+CH3COOHt +2e 0.4 
e + C6eH50OH = e+ CeH5OH™ + 2e 8.5 Naphthaldehyde 7.7 
e + (C2H5)2Cr = e + (CoH5)2Cr* + 2e 5.5 4-Methyl-phenylene-diamine 6.2 


the atom or molecule. EA is usually much lower than the ionization energy I, 
even for very electronegative gases. The numerical values of EA for many 
different atoms, radicals and molecules can be found in Kondratiev (1974). 
Information for some gases of interest is presented in Table 2.2. Halogens and 
their compounds have the highest values of electron affinity. Oxygen, ozone, 
and some oxides also are strong electronegative substances with high elec- 
tron affinity. For this reason, nonthermal plasma generated in the air usually 
contains a large amount of negative ions. 


2.1.4 Elementary Processes of the Charged Particles 


Ionization of atoms and molecules by electron impact, electron attach- 
ment to atoms or molecules, and ion—molecule reactions (see Figure 2.1a—c) 
are examples of elementary plasma-chemical processes, reactive collisions 
accompanied by transformation of elementary plasma particles. These ele- 
mentary reactive collisions, as well as others—for example, electron-ion 
and ion-ion recombination, excitation and dissociation of neutral species 
by electron impact, relaxation of excited species, electron detachment and 
destruction of negative ions, photo-chemical processes—altogether deter- 
mine plasma behavior. Elementary processes can be divided into two classes, 
elastic and nonelastic processes. The elastic collisions are those in which 
the internal energies of colliding particles do not change, therefore the total 
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TABLE 2.2 

Electron Affinity for Different Atoms, Radicals, and Molecules 
Reaction Process EA (eV) Reaction Process EA (eV) 
H` =H+e 0.75 O =O+e 1.5 
S =S+e 2.1 F =F+e 3.4 
CI =Cl+e 3.6 O, =02 +e 0.44 
O3 =O3+e 2.0 HO, = HO; +e 3.0 
OH” =OH+e 1.8 Cl, = Ch +e 2.4 
Fy =F +e 3.1 SF; = SF; +e 3.2 
SF, = SFe +e 1.5 SO, = SO? +e 1.2 
NO% = NO +e 0.024 NO, = NO; +e 3.1 
NO3 = NO; +e 3.9 N207 = N20 +e 0.7 
HNO; = HNO; +e 2.0 NF, = NF) +e 3.0 
CH; = CH; +e 11 CH; = CH) +e 1.5 
CF; =CF3 +e 2.1 CF; = CF) +e 2.7 
CCl, = CCl +e 2.1 SiH; = SiH; + e 2.7 
UF, =UFe +e 2.9 Pty = Pts +e 6.8 
Fe (CO), = Fe (CO)4 +e 1.2 TiCl, = TiCly + e 1.6 


kinetic energy is conserved as well. Hence these processes result only in 
scattering. Alternately collisions are inelastic. All elementary processes listed 
in previous paragraphs are inelastic ones. Inelastic collisions result in the 
transfer of energy from the kinetic energy of colliding partners into internal 
energy. For example, the processes of excitation, dissociation, and ionization 
of molecules by electron impact are inelastic collisions, including transfer of 
high kinetic energy of plasma electrons into the internal degrees of freedom 
of the molecules. 

In some instances, the internal energy of excited atoms or molecules can 
be transferred back into kinetic energy (particularly into kinetic energy of 
plasma electrons). Such elementary processes are usually referred as super 
elastic collisions. According to kinetic theory, the elementary processes can 
be described in terms of five main collision parameters: (1) cross section, (2) 
probability, (3) mean free path, (4) interaction frequency reaction rate, and (5) 
reaction rate coefficient (also termed reaction rate constant). 


2.1.5 Fundamental Parameters of Elementary Processes 


The most fundamental characteristics of all elementary processes are their 
cross sections. The cross section of an elementary process between two par- 
ticles can be interpreted as an imaginary circle with area n, moving together 
with one of the collision partners (see Figure 2.2a). If the center of the other 
collision partner crosses the circle, an elementary reaction takes place. The 
cross sections of elementary processes depend strongly on the energy of the 
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G e À 
FIGURE 2.2 


(a) Cross section of an elementary process. (b) Concept of the mean free path. 


colliding species. If two colliding particles can be considered as hard elastic 
spheres of radii r1 and rz, their collisional cross section is equal to x (r1 + r2)?. 
Obviously, the interaction radius and cross section can exceed the correspond- 
ing geometrical sizes because of the long distance nature of forces acting 
between electric charges and dipoles. Alternately, if only a few out of many 
collisions result in a chemical reaction, the cross section is considered to be 
less than the geometrical one. Typical sizes of atoms and molecules are of 
the order of 1-3 A; therefore, the cross section of simple elastic collisions 
between plasma electrons (energy 1-3 eV) and neutral particles is usually 
about 10716-1071 cm?. The cross sections of inelastic, endothermic, electron- 
neutral collisions are normally lower. When the electron energy is very large, 
the cross section can decrease because of a reduction of the interaction time. 
The ratio of the inelastic collision cross section to corresponding cross section 
of elastic collision under the same condition is often called the dimensionless 
probability of the elementary process. 

The mean free path > of one collision partner A with respect to the 
elementary process A + B with another collision partner B can be calculated 
as follows: 


oes (2.1.3) 


where ng is number density (concentration) of the particles B. During the 
mean free path i, the particle A traverses the cylindrical volume o. A reac- 
tion occurs if the cylindrical volume transversed by a particle A contains at 
least one particle B, which means ong = 1 (see Figure 2.2b); the simple inter- 
pretation of Equation 2.1.3 is the distance A travels before colliding. In the 
example of electrons colliding with neutral species, the electron mean free 
path with respect to elastic collisions with neutrals at atmospheric pressure 
and ng = 3 x 101° cm~? is approximately ^ = 1 jm. 

The interaction frequency v of one collision partner A (e.g., electrons mov- 
ing with velocity v) with the other collision partner B (e.g., a heavy neutral 
particle) can be defined as v/à or taking into account Equation 2.1.3 as 


VA = NBOV. (2.1.4) 


Actually, this relation should be averaged taking into account the veloc- 
ity distribution function f (v) and the dependence of the cross section o on 
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the collision partners’ velocity. When, the collision partners’ velocity can be 
attributed mostly to one light particle (e.g., electron) Equation 2.1.4 can be 
rewritten as 


VA = NB [foo dv = (ov)ng. (2.1.5) 


Numerically, for the above-mentioned example of atmospheric pressure, elec- 
tron neutral, elastic collisions, the interaction frequency is approximately 
v= 10s. 


2.1.6 Reaction Rate Coefficients 


The number of elementary processes that takes place in unit volume per unit 
time is called the elementary reaction rate. This concept can be used for any 
kind of reactions: monomolecular, bimolecular, and three-body reactions. For 
bimolecular processes A + B, the reaction rate can be calculated by multiply- 
ing the interaction frequency of partner A with partner B va and number 
of particles A in the unit volume (which is their number density, na). Thus, 
w = vana. Taking into account Equation 2.1.5, this can be rewritten as 


WA+B = (OV) Nang. (2.1.6) 


The factor (ov) is termed the reaction rate coefficient (or reaction rate 
constant), one of the most useful concept of plasma chemical kinetics. For 
bimolecular reactions it can be calculated as 


kata = [Foro dv = (ov). (2.1.7) 


In contrast to the reaction cross section o, which is a function of the part- 
ners’ energy, the reaction rate coefficient k is an integral factor, which includes 
information on energy distribution functions and depends on temperatures 
or mean energies of the collision partners. Actually, Equation 2.1.7 establishes 
the relation between microkinetics (which is concerned with elementary pro- 
cesses) and macrokinetics (which takes into account real energy distribution 
functions). Numerically, for the above-considered example of electron neu- 
tral, elastic binary collisions, the reaction rate coefficient is approximately 
k =3 x 1078 cm/s. 

The concept of reaction rate coefficients can be applied not only for bimolec- 
ular processes (Equation 2.1.7), but also for monomolecular (A —> products) 
and three-body processes (A+ B + C — products). Then the reaction rate is 
proportional to a product of concentrations of participating particles, and the 
reaction rate coefficient is just a coefficient of proportionality: 


wa = kana, (2.1.8a) 


WA+B+C =ka+B+Cnanpic. (2.1.8b) 
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Obviously, in these cases (Equation 2.1.8), the reaction rate coefficients cannot 
be calculated using Equation 2.1.7; they even have different dimensions. Also, 
for monomolecular processes (Equation 2.1.8a), the reaction rate coefficient 
can be interpreted as the reaction frequency. 


2.1.7 Elementary Elastic Collisions of Charged Particles 


Elastic collisions (or elastic scattering) do not result in a change of chem- 
ical composition or excitation level of the colliding partners, and for this 
reason, they are not able to influence directly plasma-chemical processes. 
However, due to their high cross sections, elastic collisions are responsible 
for kinetic energy and momentum transfer between colliding partners. This 
leads to their important role in physical kinetics—in plasma conductivity, 
drift and diffusion, absorption of electromagnetic energy, and in the evolu- 
tion of energy distribution functions. The typical value for cross sections of 
the elastic, electron-neutral collisions for electron energy of 1-3 eV is approxi- 
mately o = 10716 — 10- cm?, and the reaction rate coefficient approximately 
k =3 x 1078 cm/s. For the elastic, ion-neutral collisions at room tempera- 
ture, the typical value of cross section is about o = 10714 cm?, and the reaction 
rate coefficient of about k = 107? cm3/s. 

Electron-electron, electron-ion, and ion-ion scattering processes are the 
so-called Coulomb collisions. While their cross sections are quite large with 
respect to those of collisions with neutral partners, these are relatively infre- 
quent processes in discharges with low degree of ionization. An important 
feature of the coulomb collisions is the strong dependence of their cross 
sections on the kinetic energy of colliding particles. This effect can be demon- 
strated by a simple analysis, illustrated in Figure 2.3. Here, the two particles 
have the same charge, and for the sake of simplicity, one collision partner 
is considered to be at rest. Scattering takes place if the coulomb interaction 
energy (order of U ~ q*/b, where b is the impact parameter) is approximately 
equal to the kinetic energy e of a collision partner. Then the impact parameter 
b ~ q’/e, and the reaction cross section o can be estimated as xb? and 


o(&) ~ nq’ /e. (2.1.9) 


FIGURE 2.3 
Illustrations of Coulomb collisions. 
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The electron-electron scattering cross sections at room temperature is about 
1000 times greater than at electron temperature of 1 eV. Similar consideration 
of the charged particle scattering on neutral molecules with a permanent 
dipole momentum (interaction energy U ~ 1/r?) and an induced dipole 
momentum (interaction energy U ~ 1/ r+) gives, respectively, o(e) ~ 1/e and 
o(e) ~ 1/e!/?. 

Energy transfer during elastic collisions is possible only as a transfer of 
kinetic energy. The average fraction y of kinetic energy transferred from one 
particle of mass m to another one of mass M is: 


2mM 


= M (2.1.10) 


y 


In the elastic collision of electrons with heavy neutrals or ions m « M, and 
hence y = 2m/M, which means the fraction of transferred energy is negli- 
gible (y ~ 1074). One can find detailed fundamental consideration of the 
elementary elastic collisions of charged species as well as corresponding 
experimental data in the books by Massey (1976), McDaniel (1964, 1989) and 
Smirnov (1981). 


2.2 Ionization Processes 


The key process in plasma is ionization, because it is responsible for plasma 
generation—birth of new electrons and positive ions. The simplest ioniza- 
tion process, ionization by electron impact, was illustrated in Figure 2.1a. In 
general, all ionization processes can be subdivided into five groups. 

The first group, direct ionization by electron impact, includes the ioniza- 
tion of neutrals and previously unexcited atoms, radicals, or molecules by 
an electron whose energy is sufficiently high enough to cause ionization in 
one collision. These processes are the most important in cold or nonther- 
mal discharges where electric fields and hence the electron energies are quite 
high, but the level of excitation of neutral species is relatively moderate. The 
second group, the stepwise ionization by electron impact, includes the ion- 
ization of previously excited neutral species. These processes are important 
mainly in thermal or energy-intense discharges, when the ionization degree 
(ratio of number densities of electrons and neutrals) and the concentration 
of highly excited neutral species are quite high. The third group is the ion- 
ization by collision of heavy particles. Such processes can take place during 
ion—molecular or ion—atomic collisions, as well as in collisions of electroni- 
cally or vibrationally excited species, when the total energy of the collision 
partners exceeds the ionization potential. The chemical energy of the colliding 
neutral species can also be contributed into ionization via the so-called asso- 
ciative ionization. The fourth group is the photo-ionization, where neutral 
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collisions with photons result in the formation of an electron-ion pair. Photo- 
ionization is important mainly in thermal plasmas and some mechanisms of 
propagation of nonthermal discharges. 


2.2.1 Direct lonization by Electron Impact 


This process takes place as a result of interaction of an incident electron, 
having energy s, with a valence electron of a previously neutral atom 
or molecule. Ionization occurs when energy Ag transferred between them 
exceeds the ionization potential I (see Section 2.1.2). Physical picture and 
good quantitative formulas can be derived from the following classical model 
first introduced by Thomson (1912). The Thomson model supposes that the 
valence electron is at rest and also neglects the interaction of the two col- 
liding electrons with the rest of the initially neutral particle. The differential 
cross section of the incident electron scattering with energy transfer Ae to the 
valence electron can be defined by the Rutherford formula: 


net 


Integration of the differential expression (Equation 2.2.1) over Ae, taking 
into account that for ionization acts, the transferred energy should exceed the 
ionization potential Ae > I, gives 


4 
oj =- (; 3 (2.2.2) 


= (49)? € e 


This relation describes the direct ionization cross section 0; as a function 
of an incident electron energy £ and it is known as the Thomson formula. 
Obviously, Equation 2.2.2 should be multiplied, in general, by the number of 
valence electrons, Zy. According to the Thomson formula, the direct ionization 
cross section grows linearly near the threshold of the elementary process e = I. 
In the case of high electron energies £ > I, the Thomson cross section (Equa- 
tion 2.2.2) decreases as oj ~ 1/e. Quantum mechanics gives a more accurate 
asymptotic approximation for the high energy electrons o; ~ (Ine)/e. When 
e = 21, the Thomson cross section reaches the maximum value: 


1 net 
max — — —, 2.2.3 
7i (4me9)2 412 ( ) 


The Thomson formula can be rewritten more precisely, taking into account 
the kinetic energy ev of the valence electron (Smirnov, 1981): 


1 metf1 1 24/1 1 
na . 2.2.4 
“i (4ne0)2 € E I t 3 (z 2)| ( ) 
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The Thomson formula (Equation 2.2.2) can be derived from Equation 2.2.4 
by assuming that the valence electron is at rest and ey = 0. A useful variation 
of the Thomson formula can be obtained assuming the valence electron inter- 
action with the rest of the atom as a Coulomb interaction. Then according to 
classical mechanics, £y = I, and Equation 2.2.4 gives another relation for the 
direct ionization cross section, which takes into account the motion of valence 


electrons: 
1 xé/5 1° 2 
= ; 2.2.5 

a (4ne0)? € (5 € =z) ( ) 


Equations 2.2.2 and 2.2.5 describe the direct ionization in a similar way, 
but the latter equation predicts two times more cross section o;(e), maxi- 
mum (07° ~ net /2I*(4m€09)*) at aslightly lower electron energy £max = 1.851. 
All the discussed relations for the direct ionization cross section can be 
generalized as 


1 ne? € 
eee Z ` 2.2.6 
> Gea ie T G) 220) 


where Zy is the number of valence electrons, and f(e/I) = f (x) is a general 
function which is common for all atoms. Thus, for the Thomson formula 
(Equation 2.2.2): 


1 1 


Equation 2.2.6 is in good agreement with experimental data for different 
atoms and molecules (Smirnov, 1981) if: 
10(x — 1) Fe) 10(x — 1) 
< < ——_. 
n(x + 0.5)(x + 8) mx (x + 8) 


(2.2.8) 


Formulas for practical estimations are discussed in Barnett (1989). The semi- 
empirical formula (Equation 2.2.8) is quite useful for numerical calculations 
if the relation oj() is unknown experimentally. 


2.2.2 Direct lonization Rate Coefficient 


The ionization rate coefficient ky (Equation 2.1.7) can be calculated by integra- 
tion of the cross section o;() over the electron energy distribution function. 
This function is determined by electron temperature Te (or mean energy rela- 
tion (Equation 2.1.2)), therefore the ionization rate coefficient k;(Te) is also a 
function of Te. When the ionization rate coefficient is known, the rate of direct 
ionization by electron impact Wion can be found as 


Wion = ki(Te)nNeno. (2.2.9) 
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In this formula, ne is the concentration (number density) of electrons, and no 
is the concentration of neutral gas atoms or molecules. The ionization poten- 
tial I is usually much greater than the mean electron energy. For this reason, 
the ionization rate coefficient is very sensitive to the electron energy distri- 
bution function. If Te < I, only a small group of electrons can have energy 
exceeding the ionization potential. Then integrating o;(¢) in Equation 2.1.7, 
the linear part of oj(¢) near the threshold of ionization e = I is sufficient: 


threshold _ 


apes Pp (5 1) = 00 G -1). (2.2.10) 


Here, op = Z,ne*/I? (419)? is the geometrical atomic cross section. After 
integrating Equation 2.1.7, the direct ionization rate coefficient can be 


presented as 
| 8Te -I 
ki(Te) = Ti o0 exp x (2.2.11) 


For numerical estimations, one can take the cross section og for molecular 
nitrogen as 10716 cm?, and for argon as 3 x 10716 cm?. Electron temperature 
is presented here in energy units, so the Boltzmann coefficient k = 1. Some 
numerical data on the electron impact direct ionization for different molecular 
gases such as CO2, H2, N2, and so on are presented in Figure 2.4 as a func- 
tion of reduced electric field E/no, which is the ratio of the electric field and 
neutral gas concentration. 
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FIGURE 2.4 
Ionization rate coefficient in molecular gases as a function of reduced electric field. 
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2.2.3 Peculiarities of Dissociation of Molecules by Electron Impact: 
The Frank—Condon Principle and the Process of Dissociative 
lonization 


At first, let us consider a process of nondissociative ionization of molecules by 
direct electron impact, taking as an example the case of ionization of diatomic 
molecule AB: 


e+AB—> ABt+e+e. (2.2.12) 


This process takes place predominantly when the electron energy does not 
exceed the ionization potential very significantly. It can be described in a first 
approximation by the Thomson approach (Section 2.2.1). One can see some 
peculiarities of ionization of molecules by electron impact, using the illus- 
trative potential energy curves for AB and ABt, shown in Figure 2.5. The 
fastest internal motion of atoms within molecules is the molecular vibration. 
However, even molecular vibrations has typical times of 10714-10713 s, which 
is much longer than the interaction time between plasma electrons and the 
molecules ag/ve ~ 10716-1071" s (here ag is the atomic unit of length, ve is 
the mean electron velocity). This denotes that all kinds of electronic excita- 
tion processes under consideration induced by electron impact (including the 
molecular ionization, see Figure 2.5) are much faster than all kinds of atomic 
motions inside the molecules. As a result, all the atoms inside the molecules 
can be considered as frozen during the process of electronic transition, 


A+Bt 


AB* 


AB 


FIGURE 2.5 
Molecular and ionic terms illustrating dissociative ionization. 
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stimulated by electron impact. This fact is known as the Frank—Condon 
principle. 

The processes of collisional excitation and ionization of molecules, accord- 
ing to the Frank—-Condon principle, are presented in Figure 2.5 by vertical 
lines (inter-nuclear distances are constant). This means that the nondisso- 
ciative ionization process (Equation 2.2.12) usually results in the formation 
of a vibrationally excited ion (AB*)* and requires a little more energy than 
corresponding atomic ionization. The phenomena can be described using the 
Frank—Condon factors. When the electron energy is relatively high and essen- 
tially exceeds the ionization potential, dissociative ionization process can take 
place: 


e+AB>A+Bt+erte. (2.2.13) 


This ionization process corresponds to the electronic excitation into a repul- 
sive state of ion (ABT )*, followed by a decay of this molecular ion. This is also 
illustrated by the vertical line in Figure 2.5. The energy threshold for the 
dissociative ionization is essentially greater than for the nondissociative one. 


2.2.4 Stepwise lonization by Electron Impact 


If the number density of electrons and hence the concentration of excited 
neutral species is sufficiently high, the energy I necessary for ionization can 
be provided in two different ways: (1) the energy of plasma electrons; (2) 
the preliminary electronic excitation of neutrals, which is called the stepwise 
ionization. The total energy needed for ionization in these two processes is 
the same, but which process is more preferable and which contributes mostly 
to the total rate of ionization? The answer is unambiguous: if the electronic 
excitation level is sufficiently high enough, the stepwise ionization is much 
faster than the direct one because the statistical weight of electronically excited 
neutrals is greater than that of free plasma electrons. In other words, when 
Te « I, the probability of obtaining the ionization energy I is much lower for 
free plasma electrons (direct ionization) than for excited atoms and molecules. 
In contrast to the direct ionization, the stepwise process includes several steps 
and several electron impacts to provide ionization. The first electron—neutral 
collisions result in creation of highly excited species, and then a final collision 
with relatively low energy electron provides the actual ionization. 

In thermodynamic equilibrium, the ionization processese + A > At +e + 
e are reverse with respect to three-body recombination At + e+e —> A* + 
e — A + e, which is proceeding through a set of excited states. According to 
the principle of detailed equilibrium, it means that the ionization e + A > 
At +e + e should go through the set of electronically excited states as well, 
which means that the ionization should be a stepwise process. The stepwise 
ionization rate coefficient k? can be found by summation of the partial rate 
coefficients k;"", corresponding to the nth electronically excited state, over all 
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states of excitation, taking into account their concentrations: 


S,n 
k? Nnén 


ee No (2.2.14) 


n 


To calculate the maximum stepwise ionization rate (Smirnov, 1981), let us 
suppose that the electronically excited atoms and molecules are in quasi equi- 
librium with plasma electrons, and that the excited species have an energy 
distribution function corresponding to the Boltzmann law with the electron 


temperature Te: 
8n En 
Nn = | >= | Noexp | -= ]. 2.2.15 
Í ($) i p( r) l } 


Here Ny, gn, and en are number density, statistical weight, and energy 
(with respect to ground state) of the electronically excited atoms, radicals or 
molecules; the index “n” is the principal quantum number, and actually shows 
the particle excitation level. From statistical thermodynamics, the statistical 
weight of an excited particle gu = 2¢;n*, where g; is the statistical weight of 
the ion. No and go are the concentration and statistical weight of the ground 
state particles, respectively. Once more it is noted that the Boltzmann constant 
can be taken as k = 1 and for this reason omitted, if temperature is given in 
energy units. We will follow this rule in most of cases later on in this book. 

Typical energy transfer from a plasma electron to an electron sitting on 
an excited atomic level is about Te. This means, that excited particles with 
energy £n = I — Te make the most important contribution into the sum (Equa- 
tion 2.2.14). Taking into account that In ~ 1/ n2, the number of states with 
energy about £n = I — Te, and the ionization potential about I, = Te has an 
order of n. Thus, from Equations 2.2.14 and 2.2.15 we have 


sy Sis ak 
kp & a (ov) exp ( T J: (2.2.16) 


e 


The cross section o in Equation 2.2.16 corresponding to the energy trans- 
fer (about Te) between electrons can be estimated as e*/ T2(4ne0)", velocity 
v ~ /Te/mo and the quantum number can be taken from 


1 met 


re rest (2.2.17) 


As a result, the stepwise ionization rate can be presented based on 
Equations 2.2.16 and 2.2.17 as 


gi 1 me I 
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Here, A is the Planck’s constant. In general, Equation 2.2.18 is quite con- 
venient for numerical estimations of the stepwise ionization rate in thermal 
plasmas, when the electronically excited species are in quasi equilibrium with 
the gas of plasma electrons. Also, the expression (Equation 2.2.18) for step- 
wise ionization is in good agreement (in framework of the principle of detailed 
equilibrium) with rate of the reverse reaction—the three-body recombination 
At+e+e< > A*+e>A+te. 

Comparing direct ionization (Equation 2.2.11) with the stepwise ionization 
(Equation 2.2.18), one can see that the second one can be much faster, because 
of the large statistical weight of excited species involved in the stepwise 
ionization. The ratio of rate coefficients for these two competing ionization 
mechanisms can be derived from Equations 2.2.11 and 2.2.18: 


7/2 
kS(T 1 4 1 V2 
ite) g E wee) (2.2.19) 
ki (Te) (4x20)? AT Te 


Here ao is the atomic unit of length. In this relation, we have taken into 
account the estimations for geometric collisional cross section oo ~ a and for 
ionization potential: 
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For typical discharges with I/Te ~ 10, the stepwise ionization can be 103-104 
times faster than the direct one. This takes place only in the case of high elec- 
tron concentration ne and high electronic excitation frequency kenne, which 
results in the quasi-equilibrium relation (Equation 2.2.15) between electroni- 
cally excited species and plasma electrons. Usually it can be applied only for 
quasi-equilibrium plasmas of thermal discharges. 

To estimate the contribution of stepwise ionization in nonequilibrium dis- 
charges let us make some corrections in Equation 2.2.19. If deactivation of 
the excited species due to radiation, collisional relaxation, and losses on the 
walls has a characteristic time qt% shorter than excitation time 1/kenne, the 
concentration of excited species will be lower than the equilibrium one in 
Equation 2.2.15. Equation 2.2.15 can be corrected by taking into account the 
electron concentration and the nonequilibrium losses of the excited species: 


kenneth € 
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Then the stepwise ionization rate in nonequilibrium discharges can be 
rewritten as a function of electron temperature as well as electron concen- 
tration: 
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One can see that when the electron concentration is sufficiently high, this 
expression corresponds to Equation 2.2.19 for the stepwise ionization rate in 
quasi-equilibrium plasmas. 


2.2.5 lonization by High Energy Electron Beams 


For many important modern applications, plasma is generated not by electric 
discharges, but by means of the high energy electron beams. The ionization 
in this case can be more homogeneous and can generate uniform nonthermal 
plasmas even in atmospheric pressure systems. The electron beams can be also 
effectively combined with the electric field in non-self-sustained discharges, 
where electron beams providing the ionization and energy consumption is 
mostly due to the electric field. Peculiarities of ionization in this case are due 
to the high energy of electrons in the beams, which usually varies from 50 keV 
to 1-2 MeV. Typical energy losses of the beams in air at atmospheric pressure 
are of about 1 MeV /m. The beams with electron energies more than 500 keV 
are referred to as relativistic electron beams, because these energies exceed 
the relativistic electron energy at rest (E = mc”). In the framework of the Born 
approximation (Landau, 1997), electron energy losses per unit length dE/dx 
can be evaluated by the nonrelativistic Bethe-Bloch formula: 


dE 2nZe* 2mEv" 


= l 2.2.22 
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Here, Z is the atomic number of neutral particles providing the beam stop- 
ping; no is their number density; v is the stopping electron velocity. In the case 
of relativistic electron beams with the electron energies 0.5-1 MeV, the energy 
losses going to neutral gas ionization can be numerically calculated by the 


relation: 
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where the energy losses dE/dx are expressed in MeV/cm, and the concen- 
tration of neutral particles ng is expressed in cm3. Equation 2.2.23 can be 
rewritten in terms of effective ionization rate coefficient kef for relativistic 


electrons: 
183 


eff — —10 
ke" ~x 3x10 Zlin ZIB (2.2.24) 
Numerically, this ionization rate coefficient is about 10-78-10-77 cm/s. The 
rate of ionization by relativistic electron beams can be expressed in this case as 
a function of the electron beam concentration np or the electron beam current 


density jp: 


1., 
ge = kfnpno ~ Kẹ“ —nojp. (2.2.25) 


Here c is the speed of light. 
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2.2.6 Photo-lonization Processes 


Though ionization processes are mostly induced by electron impact, ion- 
ization can also be provided by interaction with high-energy photons. The 
process of photo-ionization of a neutral particle A with ionization potential 
I (in eV) by a photon fiw with wavelength à can be illustrated as 


12,400 , 
“A, 2.2.26 
I(eV) ( ) 


ho +A —> Atte < 


To provide ionization, the UV-photon wavelength should be quite low, 
usually below 100nm. However, to provide effective ionization of previ- 
ously excited atoms and molecules, the photon energy can be lower. The 
photoionization cross section increases sharply from zero at the threshold 
energy (Equation 2.2.26) to quite high values, up to the geometrical cross sec- 
tion. Specific numerical values of the photoionization cross sections (near the 
threshold of the process) are presented in Table 2.3. 

Though the cross sections shown in Table 2.3 are quite high, the contribution 
of the photo-ionization process is usually not very significant because of the 
low concentration of high-energy photons in most situations. However, in the 
following examples the photo-ionization plays a very essential role mostly by 
rapidly supplying seed electrons for following ionization by electron impact: 


1. Streamer propagation in nonthermal discharges, where photoioniza- 
tion supplies seed electrons to start electron avalanches 

2. Propagation of both nonthermal and thermal discharges in fast flow 
including the supersonic one, where other mechanism of discharge 
propagation are too slow 


TABLE 2.3 

Photoionization Cross Sections 

Atoms or Molecules Wavelength, X (A) Cross Sections (cm?) 
Ar 787 3.5 x 10717 
No 798 2.6 x 10717 
N 482 0.9 x 10717 
He 504 0.7 x 10717 
H3 805 0.7 x 10717 
H 912 0.6 x 10717 
Ne 575 0.4 x 10717 
O 910 0.3 x 10717 
Oo 1020 0.1 x 10717 
Cs 3185 2.2 x 10-19 
Na 2412 1.2 x 10719 


K 2860 1.2 x 10729 
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3. Preliminary gas ionization by ultraviolet radiation in non-self- 
sustained discharges, where ultraviolet radiation is a kind of replace- 
ment of the relativistic electron beams 


2.2.7 lonization by Collisions of Heavy Particles, Adiabatic Principle, 
and Parameter Massey 


An electron with a kinetic energy slightly exceeding the ionization poten- 
tial is quite effective in ionizing. However, that is not true for ionization by 
collisions of heavy particle-ions and neutrals. Even when heavy particles 
have enough kinetic energy, the ionization probability is very low because 
their velocities are much less than those of electrons in atoms. This effect is a 
reflection of a general principle of particle interaction. A slow motion is “adi- 
abatic,” reluctant to transfer energy to a fast motion. The adiabatic principle 
can be explained in terms of the relations between low interaction frequency 
Wint = av (reverse time of interaction between particles) and the high fre- 
quency of electron transfer in atom œt = AEh. Here 1/a is a characteristic size 
of the interacting neutral particles, vis their velocity, AE is a change of electron 
energy in atom during the interaction, h is the Planck’s constant. Only fast 
Fourier components of the slow interaction potential between particles with 
frequencies about wtr = AEh, provide the energy transfer between the inter- 
acting particles. The relative contribution of these fast Fourier components 
is very low if wt >> wint; numerically, it is approximately exp(—wir/wint). 
As a result, the probability Pent, and cross sections of energy transfer pro- 
cesses (including the ionization process under consideration) are usually 
proportional to the so-called Massey parameter: 


Otr AE 
PEnTr « exp (- ) x exp (5) = exp(—Pma). (2.2.27) 


Here Pma = AEfav is the adiabatic Massey parameter. If Pma >> 1 the pro- 
cess of energy transfer is adiabatic, and its probability is exponentially low, 
which occurs in the collisions of energetic heavy neutrals and ions. To get 
the Massey parameter close to 1 and eliminate the adiabatic prohibition for 
ionization, the kinetic energy of the colliding heavy particle has to be about 
10-100 keV, which is about three orders of magnitude greater than the ioniza- 
tion potential. Though the kinetic energy of heavy particles in ground state 
is ineffective for ionization, the situation can be different if they are elec- 
tronically excited. If the total electron excitation energy of the colliding heavy 
particles is close to the ionization potential of one of them, the resonant energy 
transfer and effective ionization act can take place. Such nonadiabatic ioniza- 
tion processes occurring in collisions of heavy particles will be illustrated 
below by two specific examples: the Penning ionization effect and associative 
ionization. 
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2.2.8 Penning lonization Effect and Process of Associative lonization 


If the electron excitation energy of a metastable atom A* exceeds the ionization 
potential of another atom B, their collision can lead to the act of ionization, 
the so-called Penning ionization. The Penning ionization usually takes place 
through intermediate formation of an excited molecule (in the state of autoion- 
ization), and the cross sections of the process can be very large. The cross 
sections for the Penning ionization of N2, CO», Xe, and Ar by metastable 
helium atoms He (2°S) with excitation energy 19.8 eV reach gas-kinetic values 
of 10° cm?. Similar cross sections can be attained in collisions of metastable 
neon atoms (excitation energy 16.6 eV) with argon atoms (ionization poten- 
tial 15.8 eV). Exceptionally high cross section 1.4 x 10714 cm? (Smirnov, 1974) 
can be attained in Penning ionization of mercury atoms (ionization potential 
10.4 eV) by collisions with the metastable helium atoms He (2°S, 19.8 eV). If 
the total electron excitation energy of colliding particles is not sufficient, an 
ionization process is possible nevertheless when heavy species stick to each 
other forming a molecular ion, and hence their bonding energy can also be 
contributed into the ionization act. Such a process is called the associative ion- 
ization. The process differs from the Penning ionization only by the stability 
of the molecular ion-product. A good example of the associative ionization is 
the process involving collision of two metastable mercury atoms: 


Hg(6°P1, E = 4.9 eV) + Hg(6°Po, E = 4.7 eV) > Hg} +e. (2.2.28) 


The total electron excitation energy here, 9.6 eV, is less than the ionization 
potential of mercury atom (10.4 eV), but higher than that for Hgz molecule. 
This is the main “trick” of the associative ionization. Cross sections of the 
associative ionization (similar to the Penning ionization) can be high and 
close to the gas-kinetic one (107 cm?). The associative ionization is a reverse 
process with respect to dissociative recombination e + AB* —> A* +B, the 
main recombination mechanism for molecular ions. The associative ionization 
is effective only for such excited species, which can be produced during the 
dissociative recombination. Relation between the cross sections of associative 
ionization oaj and dissociative recombination oft can be derived (Smirnov, 
1981) from the principle of detailed equilibrium as 


22 
—— (2.2.29) 
H Orel SA*8B 


Oai (Vrel) = oe (Ve) 


In this relation, Vre; and ve are, respectively, the relative velocity of heavy 
particles and the electron velocity, u is the reduced mass of heavy particles, g is 
the statistical weight. Ionization (and in particular the associative ionization) 
can also occur in collision of vibrationally excited molecules. Cross sections 
and reaction rate coefficients for such processes are very low because of low 
Frank—Condon factors in this case. Nevertheless, these processes can make 
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notable contribution to ionization in the absence of electric field (Rusanov 
and Fridman, 1984), as shown in the following process: 


N} (12,01 = 32) + Nj (1E$,02 ~ 32) > Nj +e. (2.2.30) 


While this associative ionization has enough energy accumulated in the 
nitrogen molecules with 32 vibrational quanta each, the reaction rate of the 
process is relatively low (107exp(—2000 K/T) cm/s (Adamovich et al., 
1993; Plonjes et al., 2001). 


2.3 Mechanisms of Electron Losses: The Electron—Ion 
Recombination 


The variety of channels of charged particle losses can be subdivided into 
three major groups. The first group includes different types of electron— 
ion recombination processes, in which collisions of the charged particles 
in a discharge volume lead to their mutual neutralization. These exother- 
mic processes require consumption in some manner of the large released 
recombination energy. Dissociation of molecules, radiation of excited particles 
or three-body collisions can provide the consumption of the recombination 
energy. All these different mechanisms of the electron ion recombination will 
be discussed in this section. 

Electron losses due to their sticking to neutrals and formation of negative 
ions (see Figure 2.1b) forms the second group of volumetric losses, electron 
attachment processes. These processes are often responsible for balance of 
charged particles in such electro-negative gases as oxygen (and for this reason 
air), CO2 (because of formation of O`), different halogens and their com- 
pounds. Reverse process of an electron release from a negative ion is called 
electron detachment. These processes of electron losses, related to negative 
ions will be considered in Section 2.4. Note that although electron losses in this 
second group are due to the electron attachment processes, the actual losses of 
charged particles take place as a consequence of following the fast processes 
of ion-ion recombination. The ion-ion recombination process means neutral- 
ization during the collision of negative and positive ions. These processes 
usually have very high rate coefficients, and will be considered in Section 2.5. 

Finally, the third group of charged particle losses is not a volumetric 
one like all those mentioned above, but is due to surface recombination. 
These processes of electron losses are the most important in low-pressure 
plasma systems, like glow discharges. The surface recombination processes 
are usually kinetically limited not by elementary act of the electron-ion recom- 
bination on the surface, but by transfer (diffusion) of the charged particles to 
the walls of the discharge chamber. The surface losses of charged particles 
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will be discussed later in Chapter 4 dealing with plasma kinetics and transfer 
phenomena. 


2.3.1 Different Mechanisms of Electron—lon Recombination 


The electron-ion recombination is a highly exothermic process like all other 
recombination processes. The released energy corresponds to the ionization 
potential and so it is quite high (see Table 2.1). To be effectively realized, such 
a process should obviously have a channel of accumulation of the energy 
released during the neutralization of a positive ion and an electron. Tak- 
ing into account three main channels of consumption of the recombination 
energy listed below (dissociation, three-body collisions, and radiation), the 
electron-ion recombination processes can be subdivided into three principal 
groups of mechanisms. In molecular gases, or just in the presence of molecular 
ions, the fastest electron neutralization mechanism is dissociative electron-ion 
recombination: 


e+ ABt > (AB)* > A+B*. (2.3.1) 


In these processes, the recombination energy is usually going via resonance 
to dissociation of molecular ion and to excitation of the dissociation products. 
While these processes principally take place in molecular gases, they can occur 
even in atomic gases by means of preliminary formation of molecular ions in 
the ion conversion processes: AT + A + A > AZ +A. 

In atomic gases, in the absence of molecular ions, neutralization can be due 
to three-body electron-ion recombination: 


e+e+At > A* +e. (2.3.2) 


The excessive energy in this case is transferred to the kinetic energy of a free 
electron, which participates in the recombination act as “a third body part- 
ner.” Heavy particles (ions and neutrals) are unable to accumulate electron 
recombination energy fast enough into their kinetic energy, and are ineffective 
as the third body partner. Finally, the recombination energy can be converted 
into radiation in the process of radiative electron-ion recombination: 


EPA? > A* > Ack he, (2.3.3) 


The cross section of this process is relatively low, and it can be competitive 
with the three-body recombination only when the plasma density is low. 


2.3.2 Dissociative Electron—-lon Recombination 


This resonant recombination process (Equation 2.3.1) starts with trapping of 
an electron on a repulsive auto-ionization level of the molecular ion. Then 
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the atoms travel apart on the repulsive term, and if the auto-ionization state 
is maintained, stable products of dissociation are formed. This recombina- 
tion mechanism is quite fast and plays a major role in the neutralization and 
decay of plasma in molecular gases. Reaction rate coefficients for most of 
diatomic and three-atomic ions are of the order of 1077 cm?/s; for some 
important molecular ions the kinetic energy information can be found in 
Table 2.4. 

In a group of similar ions, like molecular ions of noble gases, the recombi- 
nation reaction rate increases with the number of internal electrons: recombi- 
nation rate of Kry and Xej is about 100 times faster than that of helium. The 
rate coefficient of dissociative electron—ion recombination (a highly exother- 
mic process) obviously decreases with temperature, as can be seen in Table 2.4. 
This process has no activation energy, so its dependence on both electron Te 
and gas To temperatures is not very strong. This dependence can be estimated 
(Biondi, 1976; Rusanov and Fridman, 1984) as 


1 
k” (Te, Ti —— 2.3.4 


TABLE 2.4 


Dissociative Electron—Ion Recombination Reaction Rate Coefficients at 
Room Temperature Ty = 300K 


Rate Coefficient k (cm3/s) 


Electron—Ion Dissociative 


Recombination Process e = To = 300K e=leV, To = 300K 
e+N} >N+N 2x 1077 3 x 1078 
e+O; > 0+0 2 x 1077 3 x 1078 
e+H} > H+H 2 x 1077 3 x 1078 
e+ COŻ > CO+O 4 x 1077 6 x 1078 
e+ Nef > Ne + Ne 2x 1077 3 x 1078 
e+Kr} > Kr+Kr 1076 2x 1077 
e+N] > N2+N2 2x 1076 3 x 1077 
e+H30+t > H; + OH 1076 2x 1077 
e+Hcot > CO+H 2x 1077 3x 1078 
e+NOt +>N+0 4x 1077 6 x 10-8 
e+H} > H+H 3 x 1078 5 x 107? 
e+COt > C+0O 5x 1077 8 x 1078 
e+ Hef > He + He 1078 2 x 107? 
e+Arf > Art+Ar 7 x 10-7 1077 
e+Xe} > Xe + Xe 1076 2 x 1077 
e+Of > O +02 2x 1076 3 x 1077 
e+ (NO)} > 2NO 2x 1076 3 x 1077 


Note: Electron temperature Te = 300 K and Te = 1 eV. 
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TABLE 2.5 

Ion Conversion Reaction Rate Coefficients at Room Temperature 
Ion Conversion Process Reaction Rate Coefficient (cm®/s) 
NI +N2 +N2 > Nj + NF 8 x 1077 

Ht +H + Hy > H} +H 4 x 10729 

Het + He + He > He} +H 9 x 1073? 

Art +Ar+ Ar > Art + Ar 3 x 10781 

Xet + Xe + Xe > Xe% + Xe 4 x 107°1 

OF + Op +02 > Of +O% Soe" 

Cst + Cs + Cs —> Cs, Cs 1.5 x 10729 

Net + Ne + Ne > Ne; + Ne 6 x 10732 

Krt + Kr+ Kr > Kr? + Kr 2x 10731 


2 


2.3.3 lon Conversion Reactions as a Preliminary Stage of the Dissociative 
Electron—lon Recombination 


It is interesting that if the pressure is sufficiently high, the recombina- 
tion of atomic ions like Xe* is increasing not by means of the three-body 
equation 2.3.2 or radiative equation 2.3.3 mechanisms, but through the pre- 
liminary formation of molecular ions, through the so-called ion conversion 
reactions like: Xet + Xe + Xe > Xe} + Xe. Then the molecular ion can be 
neutralized in the rapid process of dissociative recombination (see Table 2.4). 
Ion conversion reaction rate coefficients are quite high (Smirnov, 1974; Virin 
et al., 1978) (see Table 2.5). When pressure exceeds 10 Torr, the ion conver- 
sion is usually faster than the process of dissociative recombination, which 
becomes a limiting stage in the overall kinetics. The analytical expression for 
the ion-conversion three-body reaction rate coefficient can be derived from 
dimension analysis (Smirnov, 1981) as 


2 \5/4 
kin 0 ( pe ) be (2.3.5) 
0 


In this relation, M and £ are mass and polarization coefficient of col- 
liding atoms, Tp is the gas temperature. The ion conversion effect takes 
place as a preliminary stage of recombination not only for simple atomic 
ions, as was discussed above, but also for some important molecular ions. 
The polyatomic ions have very high recombination rates, often exceed- 
ing 107 cm/s at room temperature. This leads to an interesting fact: 
the recombination of molecular ions like Nj and Of at elevated pres- 
sures sometimes goes through intermediate formation of dimers like N 
and OÑ. 
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2.3.4 Three-Body Electron-lon Recombination 


The three-body recombination process e+ e+ AŤ —> A* +e is the most 
important one for high-density equilibrium plasma with temperature about 
1eV, when the concentration of molecular ions is very low (because of ther- 
mal dissociation). The recombination process starts with a three-body capture 
of an electron by a positive ion and the formation of a very highly excited 
atom with binding energy of about Te. The initially formed highly excited 
atom then loses its energy in a step-by-step deactivation process through 
electron impacts. A final relaxation step from the lower excited state to the 
ground state has a relatively high value of energy transfer and is usually 
due to radiative transition. The three-body electron-ion recombination pro- 
cess is a reverse one with respect to the stepwise ionization, discussed in 
Section 2.2.4. For this reason, the reaction rate coefficient of this recombina- 
tion process can be derived from Equation 2.2.16 for the stepwise ionization 
rate coefficient k? and from the Saha equation for ionization/recombination 
balance and equilibrium electron density: 


3/2 10 
r no 80 2mh I e 
kei — Ke = ks N ; 2.3. 

T 1 neni | oegi (=) on (z (4me9)° y mT? ee 


Here, ne, ni, and np are the number densities of electrons, ions, and neutrals, 
Se, Si, and go are their statistical weights; e, m are the charge and mass of 
the electron; electron temperature Te is taken usually in energy units; I is 
the ionization potential. It is convenient for practical calculations to rewrite 
Equation 2.3.6 as 


1\45 
ke*i(em®/s) = 10-4 (=) (2.3.7) 
e 


In this numerical formula, 09 is the gas-kinetic cross section, the same as 
those involved in Equations 2.2.10 and 2.2.11, I and Te are the ionization 
potential and electron temperature to be taken in electron volts. 

The rate coefficient of the recombination process depends strongly on elec- 
tron temperature but not exponentially. The typical value of k“ at room 
temperature is about 10-29 cm®/s, and at Te = 1eV this rate coefficient is 
about 1072” cm®/s. At room temperature, the three-body recombination is 
able to compete with dissociative recombination when the electron concen- 
tration is quite high and exceeds 10'° cm~%. If the electron temperature is 
about 1 eV, the three-body recombination can compete with the dissociative 
recombination only in the case of exotically high electron density exceed- 
ing 10% cm™?. As was mentioned above, the excessive energy in the process 
under consideration is transferred to the kinetic energy of a free electron— 
the “third body.” In this case, heavy particles—ion and neutrals—are too slow 
and ineffective as third body partners. The correspondent rate coefficient of 
the third-order reaction is about 10° times lower. 
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2.3.5 Radiative Electron—lon Recombination 


The electron-ion recombination processe + At —> A + hwisa relatively slow 
one because it requires a photon emission during a short interval of the 
electron-ion interaction. This type of recombination can play a major role 
in the balance of charged particles only in the absence of molecular ions and, 
in addition, if the plasma density is quite low and the three-body mechanisms 
are suppressed. Typical values of cross sections of the radiative recombination 
process are about 1072! cm2, which is low. The reaction rate coefficients are 
therefore not high and can be simply estimated (Zeldovich and Raizer, 1966) 
as a function of electron temperature: 


g x3 x 107} (Te, eV)~3/4 (cm?/s) (2.3.8) 


rad.rec. 


Comparing the numerical relations (Equations 2.3.7 and 2.3.8), one can see 
that the reaction rate of radiative recombination exceeds that of the three-body 
process when the electron concentration is low: 


ne < 3 x 10” (Te, eV)? (cm~?) (2.3.9) 


2.4 Electron Losses Due to Formation of Negative Ions: 
Electron Attachment and Detachment Processes 


A simple illustration of the electron attachment process and negative ion 
formation was presented in Figure 2.1b. The electron balance in electroneg- 
ative gases, which have high electron affinity (oxygen, different halogens, 
and their compounds, see Table 2.2) can be strongly affected by these pro- 
cesses. In some other gases, like CO2 and H20, the electron attachment can be 
equally important, because of high electron affinity of decomposition prod- 
ucts and formation of negative ions like O~ and H- during dissociation. 
Electron attachment processes are essential in the electron balance in weakly 
ionized plasma with low electron concentration and low degree of ionization. 
This is due to the first-order kinetics of this process with respect to concentra- 
tion of electrons, which means the reaction rate of the dissociative attachment 
is proportional to electron density. In contrast, the recombination processes 
are of second- or third-order kinetics. This means the electron-ion recombi- 
nation reaction rates are proportional to the square or the cube of electron 
concentration, and therefore, they can be ignored with respect to electron 
attachment if the electron density and ionization degree are low. 

The negative ions formed as a result of electron attachment can be neu- 
tralized quite easily and extremely fast in the following processes of ion-ion 
recombination. For this reason, the attachment processes in general can pro- 
vide significant losses of electrons and charged particles, which can result in 
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the prevention of ignition and propagation of electric discharges. Fortunately 
for plasma generation, the electron attachment processes can be effectively 
suppressed by the reverse reactions of electron detachment. These processes 
of decay of negative ions and restoration of free electrons can be provided 
by collisions with excited or chemically active species, energetic electrons, 
and so on. 


2.4.1 Dissociative Electron Attachment to Molecules 


It is important in molecular gases such as CO2, H20, SF¢, and CF, that 
dissociation products have positive electron affinities, see Table 2.2: 


e + AB > (AB7)* > ALB (2.4.1) 


The mechanism of this process is somewhat similar to the dissociative 
recombination and proceeds by intermediate formation of an auto-ionization 
state (AB~)*. This excited state is unstable and its decay leads either to the 
reverse process of auto-detachment (AB + e), or to dissociation (A + B7). 
During the attachment (Equation 2.4.1), an electron is captured and not able 
to provide an energy balance of the elementary process. For this reason, 
the dissociative attachment is a resonant reaction, which means it requires 
quite definite values of the electron energy. The most typical potential energy 
curves, illustrating the dissociative attachment (Equation 2.4.1), are presented 
in Figure 2.6a. The electron attachment process starts in this case with a ver- 
tical transition from AB molecular ground electronic state term to a repulsive 
state of AB~ (obviously following the Frank—Condon principle, Section 2.2.3). 
During repulsion, before (AB™ )* reaches an intersection point of AB and AB~ 
electronic terms, the reverse auto-detachment reaction (AB + e) is very pos- 
sible. But after passing the intersection, the potential energy of AB exceeds 
that of AB- and further repulsion results in dissociation (A + B~). To estimate 


(b) 


A+B- 


FIGURE 2.6 
Dissociative attachment. (a) Low electron affinity. (b) High electron affinity. 
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the cross section of the dissociative attachment we should take into account 
the fact that repulsion time with possible auto-detachment is proportional 
to the square root of the reduced mass of AB molecule /MaMp/(Ma + Mp) 
(Massey, 1976). The characteristic electron transition time is much shorter 
and proportional to square root of its mass m. For this reason (Lieberman and 
Lichtenberg, 1994), the maximum cross section of dissociative attachment 
with the described configuration of electronic terms can be estimated as 


m(Ma + Mp) 
TAX ~ Gy aT (2.4.2) 


The maximum cross section is two orders of value less than the gas-kinetic 
cross section o9 and numerically about 10718 cm?. Some change in the reaction 
cross section (Equation 2.4.2) occurs, if the AB~ electronic term corresponds 
not to the repulsive state, but rather to the attractive state (Massey, 1976); this 
is not a common situation. A more interesting process occurs when the elec- 
tron affinity of a product exceeds the dissociation energy. In particular, it takes 
place for some halogens and their compounds. The corresponding potential 
energy curves illustrating the dissociative attachment are presented in Fig- 
ure 2.6b. In this case, in contrast to the process depicted in Figure 2.6a, even 
very low energy electrons can effectively provide dissociative attachment. 
Also, if the electron affinity of a product exceeds the dissociation energy, the 
intersection point of AB and AB- electronic terms (Figure 2.6b) is actually 
located inside the so-called geometrical sizes of the dissociating molecules. 
As a result, during the repulsion of (AB~)*, the probability of the reverse 
auto-detachment reaction (AB + e) is very low and the cross section of the 
dissociative attachment process can, in this case, reach the gas-kinetic cross 
section o9 of about 10716 cm?. 

Cross sections of the dissociative attachment for several molecular gases 
are presented in Figure 2.7 as a function of electron energy. Usually only 
electrons having enough energy (more than the difference between the dis- 
sociation energy and electron affinity) can provide dissociative attachment. 
Also, the dissociative attachment cross section as a function of electron energy 
oa(£) has a resonant structure. It reflects the resonance nature of the process, 
which can be effective only within a narrow range of electron energy. The res- 
onant structure of o,(e) permits estimating the dissociative attachment rate 
coefficient ka as a function of electron temperature Te as 


2e Ae € 
ka(Te) © oga (Emax) a T, exp( zax) z (2.4.3) 


In this relation, the only resonance leading to dissociative attachment and 
hence only the resonance of oa(¢) was taken into account, £max and of'<* are the 
electron energy and maximum cross section (see Equation 2.4.2), correspond- 


ing to resonance, Ag is its energy width. Equation 2.4.2 is quite convenient 
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FIGURE 2.7 
Cross sections of dissociative electron attachment to different molecules. 


for numerical calculations; the necessary parameters: max, 094%, and Ae are 
provided in Table 2.6. As was mentioned above, the information is given in 
each case only for one resonance, which is supposed to have the maximum 
contribution to the kinetics of dissociative attachment. 


2.4.2 Three-Body Electron Attachment to Molecules 


These attachment processes of formation of negative ions in the collision of 
an electron with two heavy particles (at least one of them is supposed to have 
positive electron affinity) can be presented as 


e+A+B—> A7 +B. (2.4.4) 


TABLE 2.6 


Resonance Parameters for the Dissociative Attachment of Electrons 
to Different Molecules 


Dissociative Attachment Process Emax (eV) arip (cm2) Ae (eV) 
e+0 >07 +O 6.7 10718 1 
e+H > H` +H 3.8 10721 3.6 
e+NO > O +N 8.6 10718 2.3 
e+CO—> O7 +C 10.3 2x 1071? 1.4 
e+ HCI > CI- +H 0.8 7 x 10718 0.3 
e+ H20 > H` + OH 6.5 7 x 10718 1 
e+ H20 > O- + Hp 8.6 10718 2.1 
e + H20 > H + OH 5 10719 2 
e+ D20 > D7 + OD 6.5 5 x 10718 0.8 
e + CO > O7 + CO 4.35 2 x 1071? 0.8 
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The three-body electron attachment can be a principal channel of electron 
losses through formation of negative ions, when electron energies are not 
high enough for the dissociative attachment, and when the pressure is ele- 
vated (usually more than 0.1 atm) and the third-order kinetic processes are 
possible. In contrast to the dissociative attachment, the three-body process 
does not require consumption of electron energy. For this reason, its rate coef- 
ficient does not depend strongly on electron temperature (at least, within the 
temperature range of about 1 eV). In this case, heavy particles are responsi- 
ble of consumption of energy released during the attachment. Electrons are 
usually kinetically not effective as a third body B because of low degree of 
ionization and low energy release during the attachment (in contrast to the 
three-body electron ion recombination (Equation 2.3.2). 

The atmospheric pressure nonthermal discharges in air are systems where 
the three-body attachment plays the key role in the balance of charged par- 
ticles. That is why the three-body electron attachment to molecular oxygen 
(e + O2 +M > O; +M) can be taken as a good example. The three-body 
electron attachment to molecular oxygen proceeds by the two-stage Bloch- 
Bradbury mechanism (Bloch and Bradbury, 1935; Alexandrov, 1981). The first 
stage of the process includes an electron attachment to the molecule with the 
formation of a negative oxygen ion in an unstable auto-ionization state: 


e+ Op 285 (05)*. (2.4.5) 


Here katt is the rate coefficient of the intermediate electron trapping, t is the 
life time of the excited unstable ion with respect to collisionless decay into 
initial state. The second stage of the Bloch-Bradbury mechanism includes col- 
lision with the third-body particle M with either relaxation and stabilization 
of O, (rate coefficient kst) or collisional decay of the unstable ion into initial 
state (rate coefficient kgec): 


(O;)* +M Æ OF +M, (2.4.6) 
(O7) +M ËS Oz +e +M. (2.4.7) 


Taking into account the steady state conditions for the number density of 
the intermediate excited ions (O; )*, the rate coefficient for the total process of 
three-body electron attachment to molecular oxygen e + O2 + M > O; +M 
can expressed in the following way: 


= Kattkst 
(1/7) + (kst + kaec)no i 


k3M (2.4.8) 


In this relation, no is the concentration of the third-body heavy particles M 
when the pressure is not too high, that is, (kst + Kdec)No « a, Equation 2.4.8 
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TABLE 2.7 


Reaction Rate Coefficients of the Electron Attachment 
to Oxygen Molecules at Room Temperature with 
Different Third-Body Partners 


Three-Body Attachment Rate Coefficient (cm®/s) 
e +O +Ar > OF +Ar S310. 2 
e +O +N > OF +Np 1.6 x 10731 
e+ Oy +0 > OF +02 2.5 x 10-99 
e +O) +H,0 > OF + H2O 14 x 10-29 
e + Op + NH3 > OF + NH3 10-29 
e +O, +Ne > O} + Ne 3 x 10732 
e +O) +H > OF +H 2x 1073! 
e + Op + CO2 > OF + CO, 3 x 10730 
e + Op + H2S > OF + H2S 10-29 
e+ Oy + CHy > OF + CH4 >10-29 


for the reaction rate can be significantly simplified: 
kam © Kattkstt. (2.4.9) 


The three-body attachment process has third-order kinetics. It depends 
equally on the rate coefficient of formation and stabilization of negative ions 
on a third particle. The latter one strongly depends on the type of the third 
particle. In general, the more a complicated molecule plays a role of the third 
body (M), the easier it stabilizes the (O, )* and the higher is the total reaction 
rate coefficient km. Numerical values of the total rate coefficients k3ņ are 
presented in Table 2.7 for room temperature. 

The three-body attachment rate coefficients are shown in Figure 2.8 as a 
function of electron temperature (the gas in general is taken to be at room 
temperature). For simple estimations, when Te = 1eV and To = 300K, one 
can take k3y % 107%? cm/s. The rate of three-body process is greater than 


k, cm®/s 
3-10-99 } e+O,+ O, —> O, + O, 
10730 ka 
e + NO + NO — NO + NO 
3-1071 l l 
0 0.4 0.8 Ty eV 


FIGURE 2.8 
Rate coefficients of the three-body electron attachment to molecules. 
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that of dissociative attachment (ka) when the gas number density exceeds 
a critical value nọ > ka(Te)/k3m. Numerically, in oxygen with Te = 1eV and 
To = 300K, this means that no > 10!8 cm~°, or in pressure units, p > 30 Torr. 


2.4.3 Other Mechanisms of Formation of Negative lons 


Let us just mention three other mechanisms of formation of negative ions, 
which can be usually neglected, but in some specific situations should be 
taken into account. The first process is the polar dissociation: 


e+ AB > At +B +e. (2.4.10) 


This process actually includes both ionization and dissociation, therefore, 
the threshold energy is quite high in this case. However, the electron is not 
captured, the process is not a resonant one, and can be effective in a wide 
range of high electron energies. For example, in molecular oxygen, the max- 
imum value of cross section of the polar dissociation is about 3 x 1071? cm?, 
and corresponds to electron energy 35 eV. To stabilize the formation of a neg- 
ative ion during electron attachment, the excessive energy of an intermediate 
excited ion particle can be emitted. As a result, a negative ion can be formed 
in the process of radiative attachment: 


e +M > (M-)* > M7 +ho. (2.4.11) 


Such an electron capture can take place at low electron energies, but the 
probability of the radiative process is very low, about 1075-1077. The cor- 
responding values of attachment cross sections are about 10721-1072 cm?. 
Finally, some electronegative polyatomic molecules like SFe have a nega- 
tive ion state very close to the ground state (only 0.1 eV in the case of SF; ). 
As a result, the lifetime of such metastable negative ions can be long. Such 
an attachment process is resonant, and for very low electron energies has a 
maximum cross sections of about 1071 cm?. 


2.4.4 Mechanisms of Negative lon Destruction: Associative 
Detachment Processes 


The negative ions can be then neutralized in the fast ion-ion recombination 
or can release an electron by its detachment and ion destruction. Competi- 
tion between these two processes defines the balance of charged particles, and 
often determines the regime of the discharges. Different mechanisms can pro- 
vide the destruction of negative ions with electron release. These mechanisms 
are discussed in detail in books and reviews (McDaniel, 1964; Massey, 1976; 
Smirnov, 1978; Alexandrov, 1981). Let us consider three detachment mech- 
anisms that are most important in plasma-chemical systems. In nonthermal 
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discharges, probably the most important one is the associative detachment: 
A” +B > (AB-)* > AB +e. (2.4.12) 


This process is a reverse one with respect to the dissociative attachment 
(Equation 2.4.1) and so it can also be illustrated by Figure 2.6. The associative 
detachment is a nonadiabatic process, which occurs by intersection of elec- 
tronic terms of a complex negative ion AB and the corresponding molecule 
AB. For this reason (nonadiabatic), the rate coefficients of such processes are 
usually quite high. Typical values of the coefficients are about ką = 10710- 
107? cm?/s, and are not far from those of gas-kinetic collisions. Because the 
reaction (Equation 2.4.12) corresponds to the intersection of electronic terms 
of A~B and AB, it can have an energy barrier even in exothermic conditions. 
Rate coefficients of some associative attachment processes are presented in 
Table 2.8 together with enthalpy of the reactions. 

The associative attachment is quite fast. For example, the reaction OT + 
CO — CO, +e can effectively suppress the dissociative attachment in CO2 
and correspondent electron losses, if CO concentration is high enough. This 
effect is of importance in nonthermal discharges in CO2 and in CO?-laser 
mixture. We should note though that the fast three-body cluster formation 
processes are able to stabilize O7 with respect to associative attachment. The 


TABLE 2.8 


Associative Attachment Rate Coefficients at Room Temperature 


Associative Attachment Process Reaction Enthalpy (eV) Rate Coefficient (cm/s) 


H- +H > H; +e —3.8 (exothermic) 1.3 x 107° 

H- +O, > HO, +e —1.25 (exothermic) 1.2 x 107° 

O +0>0O+e —3.8 (exothermic) 1.3 x 107° 

O +N>NO+e —5.1 (exothermic) 2 x 10710 
O7 +02 > O3 +e 0.4 (endothermic) 10712 
O- +O Ag) > O3 +e —0.6 (exothermic) 3 x 10710 
OT% +N? > N20 +e —0.15 (exothermic) 1071 
O% +NO > NO, +e —1.6 (exothermic) 5 x 10710 
O- + CO > CO +e —4 (exothermic) 5 x 10710 
O- +H; > H2O +e —3.5 (exothermic) 107° 

O7 + CO? > CO; +e (endothermic) 10713 
C~ + CO > CO+CO+e —4.3 (exothermic) 5x107! 
C~ +CO> CO+e —1.1 (exothermic) 4 x 10710 
CI +O —> CIO +e 0.9 (endothermic) 1071! 
O, +O 03 +e —0.6 (exothermic) 3 x 10710 
O, +N > NO2 +e —4.1 (exothermic) 5 x 10710 
OH +0 > HO; +e —1 (exothermic) 2x 10710 
OH- +N > HNO +e —2.4 (exothermic) 1071 
OH- +H —> H2O +e —3.2 (exothermic) 107° 
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clusterization reactions 


O- +CO: +M —> CO} +M, k=10-*cm°/s (2.4.13) 
O7 +0: +M 0O73 +M, k=10-%cm®/s. (2.4.14) 


convert O7 ions into CO, , which are more stable with respect to detachment 
and hence promote ion-ion recombination and loss of charged particles. 


2.4.5 Electron Impact Detachment 


This detachment process can be described as: e+ AT — A+ 2e and is an 
essential one in the balance of negative ions, when the ionization degree is 
high. The electron impact detachment is somewhat similar to the direct ion- 
ization of neutrals by an electron impact (Thomson mechanism, see Section 
2.2.1). The main difference in this case is due to repulsive Coulomb force act- 
ing between the incident electron and the negative ion. For incident electron 
energies about 10 eV, the cross section of the detachment process can be high, 
about 10~!* cm?. Typical detachment cross section dependence on energy or 
on the incident electron velocity ve (Inokuti et al., 1967) can be illustrated by 
that for the detachment from negative hydrogen ion (e + H~ —> H + 2e): 


(Ve) ooe" 75n +5 (2.4.15) 
Ve) Z in A 4. 
pan (4m€9)*h2v2 Ameghve 


In this relation, oo is the geometrical atomic cross section, more exactly 
defined in Equation 2.2.10. The detachment cross section as a function of 
electron energy is presented in Figure 2.9 for hydrogen and oxygen atomic 


ions. The maximum cross sections of about 10715-10714 cm? corresponds to 


©1016, cm? 
100 + 
| PP. 


e+H — H +2e 


10 F 


e+07— O +2e 


L L L L L 
3 10 30 100 300 
g eV 


FIGURE 2.9 
Negative ion destruction by electron impact. 
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electron energies about 10-50 eV. These energies exceed electron affinities by 
more than 10 times in contrast to the Thomson mechanism of the electron 
impact ionization (which can be explained by Coulomb repulsion). 


2.4.6 Detachment in Collisions with Excited Particles 


The detachment process (A~ + B* > A +B + e) in the case the electronic 
excitation energy of particle B is used, is similar to the Penning ionization 
(see Section 2.2.8). If the electronic excitation energy of a collision partner B 
exceeds the electron affinity of particle A, the detachment process can pro- 
ceed effectively as an electronically nonadiabatic reaction (without significant 
energy exchange with translational degrees of freedom of the heavy particles, 
see Section 2.2.7). As an example, consider the exothermic detachment of an 
electron from an oxygen ion in collision with electronically excited metastable 
oxygen (excitation energy = 0.98 eV): 


OF +.O2('Ag) > O2+02+e, AH = —0.6eV. (2.4.16) 


The rate coefficient of the detachment reaction is very high, even at room 
temperature it is about 2 x 1071? cm3/s. Electron detachment also can be 
effective in collisions with vibrationally excited molecules. Consider again, as 
an example, the destruction of an oxygen molecular ion: O; + O3(v > 3) > 
O2 + O2 +e. The rate coefficients of the detachment process in the quasi- 
equilibrium systems (characterized by a single temperature) are presented in 
Table 2.9. 

The first process presented in the table has the activation energy close to the 
reaction enthalpy. Actually, these quasi-equilibrium detachment processes are 
using mostly vibrational energy of colliding partners, because in other cases 
the reaction is strongly adiabatic (see Section 2.2.7). The detachment pro- 
cess stimulated by vibrational excitation of the molecules proceeds according 
to the modified Bloch-Bradbury mechanism (Equations 2.4.5 through 2.4.7). 
In this case, the process starts with collisional excitation of O, to the vibra- 
tionally excited states with v > 3. The excited ions (O; )* (v > 3) are then in 
the state of auto-ionization, which results in an electron detachment during 
a period of time shorter than the interval between two collisions. Excitation 


TABLE 2.9 


Thermal Destruction of Oxygen Molecular Ion 


Rate Coefficient (cm3/s) 


Detachment Process Reaction Enthalpy (eV) 300K 600K 


OF +02 > O2 +02 +e 0.44 2.2 x10718 3x 10-14 
O; +N2 > O2 +N2 +e 0.44 <10-29 18x 10716 
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of (O;)* (v > 3) is easier and faster in oxygen than in nitrogen, where the 
process is less resonant. It explains the significant difference in the detach- 
ment rate coefficients in collisions with oxygen and nitrogen, which one can 
see from Table 2.8. The kinetics of the detachment process can be described 
in this case in a conventional way for all reactions stimulated by vibrational 
excitation of molecules (see Chapter 5). The traditional Arrhenius formula: 
ką x exp(—E,/Ty) is applicable here, if molecular vibrations are in internal 
quasi-equilibrium with the only vibrational temperature Ty. The activation 
energy of the detachment process can be taken in this case equal to the electron 
affinity to oxygen molecules (Ea ~ 0.44 eV); in the same way one can describe 
detachment kinetics of NO7, F~, and Br~ (Massey, 1976). 


āe 
2.5 Ion-lon Recombination Processes 


In electro-negative gases, when the attachment processes are involved in the 
balance of electrons and ions, the actual losses of charged particles are mostly 
due to ion-ion recombination. This process indicates mutual neutralization 
of positive and negative ions in binary or three-body collisions. The ion-ion 
recombination can proceed by a variety of different mechanisms, which dom- 
inate in different pressure ranges. However, all of them are characterized by 
very high rate coefficients. At high pressures (usually more than 30 Torr), 
three-body mechanisms dominates the recombination. The recombination 
rate coefficient in this case reaches a maximum of about 1-3 x 1076 cm?/s near 
atmospheric pressures at room temperature. Traditionally, the rate coefficient 
of ion-ion recombination is recalculated with respect to the concentrations 
of positive and negative ions, that is to the second-order kinetics. Due to 
the three-molecular nature of the recombination mechanism in this pressure 
range, the recalculated (second-order kinetics), recombination rate coefficient 
depends on pressure. Near atmospheric pressure corresponds to the fastest 
neutralization. Both an increase and a decrease of pressure results in pro- 
portional reduction of the three-body ion-ion recombination rate coefficient. 
At low pressures, the three-body mechanism becomes relatively slow. In this 
pressure range, the binary collisions with transfer of energy into electronic 
excitation make a major contribution to the ion-ion recombination. 


2.5.1 lon-lon Recombination in Binary Collisions 


Such neutralization proceeds in the collision of a negative and positive ion 
with the released energy going to electronic excitation of a neutral product: 


AT +Bt > ASB (2.5.1) 
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AB* 


FIGURE 2.10 
Terms illustrating the ion—ion recombination. 


This reaction has second-order kinetics and dominates the ion-ion recom- 
bination in low-pressure discharges (p < 10-30 Torr). Electronic terms, illus- 
trating the recombination, are presented in Figure 2.10. The ions A7 and Bt 
are approaching each other following the attractive A-B" Coulomb poten- 
tial curve. When distance between the heavy particles is large, this potential 
curve lies below the term of A~-Bt and above the final A-B* electronic term 
on the energy interval: 


I I 
AE ~x 2 —EAa, “AER 2, (2.5.2) 
n n 


Here Ip is the ionization potential of particle B. If the principal quantum 
number of particle B after recombination is high n = 3—4, then AE is low. 
This means that the electronic terms of A~-Bt and A—B* are relatively close 
when the ions A~ and Bt are approaching each other. When the principal 
quantum number n is not specifically defined, then the affinity EA, can be 
taken as a reasonable estimation for the energy interval (Equation 2.5.2), thatis 
AE © EAg. The low value of AE results in the possibility of effective transition 
between the electronic terms (from A~ —Bt to A—B*), when the distance Rij 
between ions is still large. Even for this long distance Rij between the ions, 
the Coulomb attraction energy is already sufficient to compensate the initial 
energy gap AE between the terms: 


e? 1 st e? 
~ Ameo (g/m -EA  4neEAa 


(2.5.3) 


Rii 


The high value of Ri; results in large cross sections of the ion—ion recombina- 
tion (Equation 2.5.1). This can be estimated from the conservation of angular 
momentum during the attractive Coulomb collision and assuming the maxi- 
mum kinetic energy to be equal to the potential energy EA, (Equation 4.5.2). 
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The impact parameter b (see Section 2.1.7) can be found as a function of the 
ion kinetic energy e in the center of mass system: 


(2.5.4) 


Based on the expressions for the impact parameter b and for the reac- 
tive distance Rj, the formula to calculate the cross section of the ion-ion 
recombination process can be given as 


et 1 1 


— = -. 2.5.5 
(4me9)? EAA € ( ) 


Orec = nb? x 


Quantum mechanical calculation of the ion-ion recombination across sec- 
tion should take into account the effect of electron tunneling (Smirnov, 1978). 
As a result, it gives more precise dependence of cross section of the ion-ion 
recombination in binary collisions of the ion kinetic energy as: of, « 1/4. 
Equation 2.5.5 can be rewritten referring to the atomic units, 


Be slg E 
Sree aa e’ 


This means that the recombination cross section exceeds the gas-kinetic cross 
section by several orders of magnitude. The same is true for the reaction 
rate coefficients, which usually are of the order of 10-7 cm?/s. Some binary 
recombination rate coefficients together with energy released in the process 
are presented in Table 2.10. 


TABLE 2.10 


Reaction Rate Coefficients of the Ion—Ion Recombination in Binary Collisions 
at Room Temperature 


Recombination Process Released Energy, I - EA (eV) Rate Coefficient (cm?/s) 
H-+H+>H+H 12.8 3.9 x 10-7 
O +0+>0+0 12.1 2.7 x 1077 
O-+Nt+t>O4+N 13.1 2.6 x 10-7 
Oo- + OF + O+0) 11.6 1x 10-7 
O- + NOt > O+NO 7.8 4.9 x 1077 
SFe + SF > SFe + SF5 15.2 4 x 1078 
NO; +NO* > NO? + NO 5.7 3 x 1077 
O; +Ot > O2 +0 13.2 2x 1077 
O; + OF > O2 +O, 11.6 4.2 x 1077 
O5 +Nt > On +N? 15.1 1.6 x 1077 


2 
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2.5.2 Three-Body lon-lon Recombination, Thomson’s Theory 


The neutralization process can effectively proceed in a triple collision of a 
heavy neutral with a negative and a positive ion: 


A_+Bt+M—>A+B-+M. (2.5.6) 


This process dominates the ion-ion recombination at moderate and high 
pressures (p > 10-30 Torr). The three-body reaction has the third-order kinet- 
ics only in the moderate pressure range, usually less than 1 atm (for high 
pressures the process is limited by ion mobility, see below). It means that 
only at moderate pressures the reaction rate proportional to the product of 
concentrations of all the three collision partners—positive and negative ions, 
and neutrals. At pressures about (0.01-1 atm), the three-body ion-ion recom- 
bination can be described in framework of the Thomson theory (Thomson, 
1924). According to this theory, the act recombination take place if a neg- 
ative and positive ion approach each other closer than the critical distance 
b ~ e? /4ne0To. In this case, their Coulomb interaction energy reaches the 
level of thermal energy, which is approximately To, the gas temperature or 
temperature of heavy particles. Then during the collision, the third body (a 
heavy neutral particle) can absorb the energy approximately equal to the 
thermal energy To from an ion, and provide recombination. The collision fre- 
quency of an ion with a neutral particle leading to energy transfer of about 
To between them and subsequently resulting in recombination, can be found 
as Ngov;, where ng is the neutrals number density, o is a typical cross-section 
of ion-neutral elastic scattering, v; is an average thermal velocity of the heavy 
particles. After the collision, the probability P4 for a positive ion to be closer 
than b © e? /4meoTo to a negative ion, and as a result, to be neutralized in the 
following recombination can be estimated as 


e6 


Pa n_b? X n_———_,.. 
= (4ne9)3T3 


(2.5.7) 


The frequency of the collisions of a positive ion with neutral particles, 
resulting in ion-ion recombination, can then be found as vi; = (ovno)P+. Con- 
sequently, the total three-body ion-ion recombination rate can be presented 
according to the Thomson’s theory as 


6 


Wii ~ (ove) znon-n+ (2.5.8) 


e 
(Aneo)>T5 


The process has third kinetic order with the rate coefficient ki, decreasing 


with temperature: 
. [1 e6 1 
MEN ; 2.5.9 
r3 ( s ) Gna? a (2.5.9) 
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TABLE 2.11 


Rate Coefficients of the Three-Body Ion-Ion Recombination Processes at 
Room Temperature and Moderate Pressures 


Rate Coefficient (cm®/s) 


Ion-Ion Recombination Third Order Second Order (1 atm) 
O; + Of +O > O +02 +02 +02 +02 1.55 x 107% 4.2 x 1076 
O- + OF +02 > O3 + O2 3.7 x 10725 1x 1075 
NO; + NO* + O2 > NO? + NO + O2 3.4 x 10726 0.9 x 1076 
NO; +NO* + Nz > NO) +NO+Np 10725 2.7 x 1076 


At room temperature, the recombination coefficients are about 10-25 cm®/s. 
For some reactions, these third order kinetic reaction rate coefficients are pre- 
sented in Table 2.11. The coefficients in the table are also recalculated to the 
second kinetic order kï, which means kÏ, = kino. Comparing Tables 2.10 
and 2.11, the binary and triple collisions are seen to contribute equally to the 
ion-ion recombination at pressures about 10-30 Torr. 

In the last column, the coefficients are recalculated to the second-order kinet- 
ics and pressure of 1 atm that is multiplied by the concentration of neutrals 
of 2.7 x 101°? cm7?. 


2.5.3 High Pressure Limit of the Three-Body lon-lon Recombination, 
Langevin Model 


According to Equations 2.5.8 and 2.5.9, the ion-ion recombination rate coeffi- 
cient recalculated to the second-order kinetics kË = kï no grows linearly with 
pressure at fixed temperatures. This growth is limited to the range of moder- 
ate pressures (usually not more than 1 atm) by the frameworks of Thomson’s 
theory. The Thomson’s approach requires the capture distance b to be less 
than an ion mean free path (1/ngo). This requirement actually prevents one 
from using the Thomson’s theory for high concentration of neutrals and high 
pressures (more than 1 atm): 


e2 


b x ny ————0 <1 
ngoo no (neo) To < 


(2.5.10) 


In the opposite case of high pressures, noob > 1, the recombination is limited 
by the phase in which a positive and a negative ion approach each other, 
moving in the electric field overcoming multiple collisions with neutrals. The 
Langevin model developed in 1903 describes the ion-ion recombination in 
this pressure range. This motion of a positive and a negative ion to collide in 
recombination can be considered as their drift in the Coulomb field e/(4se9)r?, 
where r is the distance between them. Using the positive and negative ion 
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mobility u+ and p- (see Chapter 4) as a coefficient of proportionality between 
ion drift velocity and the strength of electric field we get the ion drift velocity 
to meet each other as 


e 


Consider a sphere with radius r, surrounding the positive ion. The flux of 
negative ions with concentration n_ approaching the positive one and the 
recombination frequency vr+ for the positive ion are 


vr = 4nr van. (2.5.12) 


Based on Equation 2.5.12 for neutralization frequency with respect to one 
positive ion, the total ion-ion recombination reaction rate can be found as: 
W = N4Ur+ = 4nr?vgn_n4. In this case, it shows the second-order kinetics of 
the process with respect to ion concentrations. The final Langevin expression 
for the ion-ion recombination rate coefficientk? = w/n4n_ in the limit of high 
pressures (usually more than 1 atm) can then be given taking into account 
Equations 2.5.11 and 2.5.12 as 


kË = 4ne(u+ + y- ). (2.5.13) 


This recombination rate coefficient is proportional to the ion mobility, 
which decreases proportionally with pressure (see Chapter 4). Comparing 
the Thomson and Langevin models, it is seen that at first, recombination 
rate coefficients grows with pressure ki, = kË no (see Equation 2.5.9), and 
then at high pressures they begin to decrease as 1/p together with ion 
mobility (Equation 2.5.13). The highest recombination coefficient according 
to Equation 2.5.10 corresponds to the concentration of neutrals: 


AnegTo 
no ~ . 


a (2.5.14) 


At room temperature this gas concentration corresponds to atmospheric 
pressure. The maximum value of the ion-ion recombination rate coefficient 


can be then found by substituting the number density ng into kË = kË no 


4 


ke max E (4x0)? T2 g (2.5.15) 

Numerically, the maximum recombination rate coefficient is about 1-3 x 
10-°cm?/s. This coefficient decreases for increase or decrease of pressure 
from the atmospheric pressure. The total experimental dependence of the 
kË on pressure is presented in Figure 2.11. The generalized ion-ion recom- 
bination model combining the Thomson’s and Langevin’s approaches for 
moderate and high pressures was developed by Natanson (1959). 
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FIGURE 2.11 
Ion-ion recombination rate coefficient in air. 


e 
2.6 The Ion-Molecular Reactions 
2.6.1 lon—Molecular Polarization Collisions: The Langevin Rate Coefficient 


The ion—-molecular processes can start with scattering in the polarization 
potential, leading to the so-called Langevin capture of a charged particle 
and formation of an intermediate ion-molecular complex. If a neutral par- 
ticle itself has no permanent dipole moment, the ion-neutral charge-dipole 
interaction and scattering is due to the dipole moment pm, induced in the 
neutral particle by the electric field E of an ion: 


e 
Pm = ae9E = a (2.6.1) 

Here r is the distance between the interacting particles, a is the polarizability 
of a neutral atom or molecule (see Table 2.12). 

Typical orbits of the relative motion of the ion and the neutral during polar- 
ization scattering are shown in Figure 2.12. When the impact parameter is 
high, the orbit has a hyperbolic character. But when the impact parameter is 
sufficiently low, the scattering leads to the Langevin polarization capture. The 
Langevin capture indicates that the spiral trajectory results in “closer inter- 
action” and formation of the ion—molecular complex, which then can either 
spiral out or provide inelastic changes of state and formation of different 
secondary products. This ion—molecular capture process based on polariza- 
tion occurs when the interaction energy between charge and induced dipole 
becomes the order of the kinetic energy of the colliding partners, Mv": 


e e 
PmE = a— — 
i 4nr2 4negr2 

M is their reduced mass, and v their relative velocity. From the equality of 
kinetic and interaction energies, the Langevin cross section of the polarization 
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TABLE 2.12 

Polarizabilities of Atoms and Molecules 
Atom or Molecule A3 (10-24 cm3) 
Ar 1.64 

Cc 1.78 

(©) 0.8 

Ch 4.59 

Cch 10.2 

HO 1.45 

SF 4.44 

H 0.67 

N 1.11 

CO 1.95 

O2 1.57 

CF4 1.33 

CO, 2.59 

NH3 2.19 


capture can be found as oL ~ x7: 


nae? 
Se 2.6.2 
pE \ soMv2 A 


Detailed derivation of the exact formula for Langevin cross section can 
be found in the book by Lieberman and Lichtenberg (1994). The Langevin 
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FIGURE 2.12 
Langevin scattering in the polarization potential. 
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capture rate coefficient k ~ olv according to Equation 2.6.2 does not depend 
on the velocity, and therefore, does not depend on the temperature: 


nae? 
ky = A 2.6.3 
L=, aT (2.6.3) 


3 


It is convenient for calculations to express the polarizability a in 10-74 cm 
(cubic Angstroms, see Table 2.12), reduced mass in atomic mass units (amu), 
and then to rewrite and use Equation 2.6.3 in the following numerical form: 


; 3 1 —24 3 
one = 23 x 107? — Fr —_— . (2.6.4) 


The typical value of the Langevin rate coefficient for ion—molecular reac- 
tions is 107? cm?/s, which is 10 times higher than the typical value of 
gas-kinetic rate coefficient for binary collisions of neutral particles: ko ~ 10710 
cm/s. Also, a /M in Equation 2.6.4 reflects the “specific volume” of an atom 
or molecule, because the polarizability a actually corresponds to the particle 
volume. This means that the Langevin capture rate coefficient grows with a 
decrease of “density” of an atom or molecule. The above relations describe 
the interactions of a charge with an induced dipole. If an ion interacts with 
a molecule having not only an induced dipole but also a permanent dipole 
moment up, then the Langevin capture cross section becomes larger. The cor- 
responding correction of Equation 2.6.3 was carried out by Su and Bowers 


(1973): 
2 
= a (Vaten iz). (2.6.5) 


Here To is a gas temperature (in energy units) and parameter 0 < c < 1 
describes the effectiveness of a dipole orientation in electric field of an ion. 
For molecules like H2O or HF having large a permanent dipole moment, the 
ratio of the second to the first terms in Equation 2.6.5 is about \/I/To, where I 
is the ionization potential. It means that the Langevin cross sections and rate 
coefficients for dipole molecules and radicals can exceed the numerical values 
obtained for pure polarization collisions by a factor of 10 (Equation 2.6.4). 
Derivation of the Langevin formula (Equation 2.6.2) did not specify the mass 
of a charged particle. This means that the Langevin cross section and rate 
coefficients (Equations 2.6.2 and 2.6.3) can also be applied for an electron- 
neutral interaction. In this case, the reduced mass M is close to the electron 
mass, and the numerical formula for the Langevin rate coefficient for the 
electron—neutral collision can be presented as 


3 
xélectron/neutral _ 4-70 Jo, 10-24em3. (2.6.6) 
S 
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The numerical value of the Langevin rate coefficient for the electron—neutral 
collision is about 1077 cm/s and does not depend on temperature. 


2.6.2 The lon-Atom Charge Transfer Processes 


An electron can be transferred during a collision from a neutral particle to 
a positive ion or from negative ion to a neutral particle. These processes 
are referred to as charge transfer or charge exchange. The charge exchange 
reaction without significant defect of the electronic state energy AE during 
collision is called the resonant charge transfer. Otherwise, the charge transfer 
is called nonresonant. The resonant charge transfer is a nonadiabatic pro- 
cess and usually has a very large cross section. Consider a charge exchange 
between a neutral particle B and a positive ion AT assuming the particle B/B* 
being at rest: 


AtT+B>A+Bt. (2.6.7) 


The energy scheme of this reaction is illustrated in Figure 2.13, where one 
can see the Coulomb potential energy of an electron in the Coulomb field of 
At and Bt: 


2 2 


e e 


U(z) = 


: 2.6.8 
Amenz 4meg ITAB = z| ( ) 


Here rap is a distance between the centers of A and B. The maximum value 
of the potential energy corresponds to z = rap/2 and is equal to: 


e2 


(2.6.9) 
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The charge transfer (Equation 2.6.7) is possible in the framework of 


classical mechanics (see Figure 2.13) if the maximum of potential energy 
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FIGURE 2.13 
Energy terms for the resonant charge exchange. 
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Umax is lower than the initial energy Eg of an electron that is going to be 
transferred from level n of particle B: 


pes > Umax- (2.6.10) 


Here Iag is the ionization potential of atom B. From Equations 2.6.9 and 
2.6.10, the maximum distance between the interacting heavy particles is found 
when the charge transfer is still permitted by classical mechanics: 


3e?n? 
max 2.6.11 
TAB. = ‘Grats ( ) 


If the charge exchange is resonant and therefore not limited by energy defi- 
ciency, the classical reaction cross section can be found from Equation 2.6.11 
2 
as Trap: 


9e4n4 

class 

ht TA (2.6.12) 
SUR 16neglg 


The classical cross section of charge exchange does not depend on the kinetic 
energy of the interacting species and its numerical value for ground state 
transfer (n = 1) is approximately the gas-kinetic cross section for collisions of 
neutrals. The actual cross section of a resonant charge transfer can be much 
higher than Equation 2.6.12, taking into account the quantum mechanical 
effect of electron tunneling from B to At (see Figure 2.13). This effect can 
be estimated by calculating the electron tunneling probability Piunn across a 
potential barrier of height about Ig and width d: 


2d 
Ptunn © exp — (F) J 2melp. (2.6.13) 


The frequency of electron oscillation in the ground state atom B is about 
Ig/ħ, so the frequency of the tunneling is [pPtunn/fi. Taking into account Equa- 
tion 2.6.13, the maximum barrier width is dmax, when the tunneling frequency 
still exceeds the reverse ion-neutral collision time: IpPtunn/h > v/d and as a 
result tunneling can take place. Here v is the relative velocity of the colliding 

. 2. . + 
partners. Then the cross section md<,,, of the electron tunneling from B to AF, 
leading to the resonance charge exchange is 


1 (xh? Ipd 2 
oes T (=) (in 7 In 2) ; (2.6.14) 


More detailed derivation of the electron tunneling cross section (Rapp 
and Francis, 1962) results in more complicated expressions, which can be 
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presented in the numerical form very similar to that in Equation 2.6.14: 


1 _7 -8 
T cm? % y (65 x 10-7 —3 x 10 Invem/s) . (2.6.15) 


This numerical formula can be applied to calculate the resonant charge 
transfer cross section in the velocity range v = 10°-10° cm/s. At higher ener- 
gies, when the velocity v exceeds 10° cm/s, the tunneling cross section 
decreases to the gas-kinetic cross sections (about 3 x 1016 cm?) and then is 
stabilized. The stabilized cross section does not depend on the energy and is 
given by the classical expression 2.6.12. 

At the lower limit of application of Equation 2.6.15, v = 10° cm/s and the 
tunneling cross section reaches values as high as 10714 cm?. Equations 2.6.14 
and 2.6.15 were derived assuming straight line collision trajectories. Therefore 
applying Equations 2.6.14 and 2.6.15 at lower velocities is impossible because 
when v < 10°(cm/s)/</M (M is the reduced mass), the collision trajectory is 
strongly perturbed during the charge exchange. Actually in low energy colli- 
sion, whenv < 10°(cm /s)/ /M, the ion and neutral are captured ina complex. 
In this case, the exchanging electron always has enough time for tunneling 
and therefore the equal probability of 0.5 is found on either particle. Then the 
resonant charge exchange cross section can be found as half of the Langevin 
capture cross section (Equation 2.6.2): 


1 | mae? 1 
= = 2.6.1 
PL = INY wM v eee) 


The typical numerical value of this cross section at room temperature 
is about 10~'4 cm? and higher. It grows as the velocity (and temperature) 
decreases even faster than in the case of intermediate velocities (Equa- 
tion 2.6.15). 


2.6.3 Nonresonant Charge Transfer Processes 


Consider an electron transfer between oxygen and nitrogen atoms as an 
example of the nonresonant charge exchange: 


Nt+O5N+01, AE=-0.9 eV. (2.6.17) 


The principal potential curves, illustrating the nonresonant charge transfer 
in Equation 2.6.17 are shown in Figure 2.14. From Table 2.1, the ionization 
potential of oxygen (J = 13.6eV) is lower than that of nitrogen (I = 14.5 eV). 
This is the reason that the electron transfer from oxygen to nitrogen is an 
exothermic process and the separated N + O* energy level is located 0.9 eV 
lower than the separated O + N* energy level. Reaction (Equation 2.6.17) 
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N+ +0 >N +07 


N*+0O 
Ot +N 


NO* 


FIGURE 2.14 
Terms illustrating the nonresonant charge exchange. 


begins with N+ approaching O by following the attractive NO* term. Then 
this term crosses the repulsive NOT term and the system experiences a non- 
adiabatic transfer, which results in the formation of Ot +N. The excess 
energy of approximately 1 eV goes into the kinetic energy of the products. The 
cross section of such exothermic charge exchange reactions at low thermal 
energies is of the order of the resonant cross sections of tunneling (Equa- 
tion 2.6.15) or Langevin capture (Equation 2.6.16). The endothermic reactions 
of charge exchange, like the reverse process N + O* — Nt + O, are usually 
very slow at low gas temperatures with low energies of the colliding ions and 
heavy neutral particles. 

The important role of the nonresonant charge exchange processes can be 
illustrated by the so-called effect of acidic behavior of nonthermal air plasma. 
Ionization of air in nonthermal discharges primarily leads to a large amount 
of Nj ions (with respect to other positive ions) because of the high molar 
fraction of nitrogen in air. Later, low ionization potential and high dipole 
moment of water molecules can result in fast charge exchange: 


a —9 3 
No ee Ne On (2.6.18) 


The whole ionization process can be significantly focused on formation of 
water ions H»O* even though the molar fraction of water in air is low. The 
generated water ions can then react with neutral water molecules in the quite 
fast ion—molecular reaction: 


k =0. -9 3 
UO ds HOOH, AH = —12kcal/mol. 


(2.6.19) 


H20* + H2O 
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Asa result, the production of H30* ions and OH-radicals can be observed, 
which provide the acidic behavior of air plasma. The selective generation 
of OH radicals in nonthermal air discharges is the fundamental basis for 
employing discharges for purifying air from different pollutants. 


2.6.4 The lon—Molecular Reactions with Rearrangement 
of Chemical Bonds 


Reaction 2.6.19 demonstrates the acidic behavior of nonthermal air plasma. 
This class of ion—molecular processes consists of very different reactions, 
which can be subdivided into many groups, including: 


(A)Bt +C > A + (C)B*: reactions with a positive ion transfer 
A(BT) +C > (Bt) + AC: reactions with a neutral transfer 
A(Bt) + (C)D > (A)D + (C)B+: double exchange reactions 
A(Bt) + (C)D > AC* + BD: reconstruction processes 


These groups of processes are shown above with positive ions, but similar 
reactions take place with negative ions. The special feature of the ion molec- 
ular reactions making them very distinctive from regular atom-molecular 
processes between neutral species can be stated as follows: “Most exother- 
mic ion—molecular reactions have no activation energy” (Talrose, 1952). This 
is due to the fact that quantum mechanical repulsion between molecules, 
which provides the activation barrier even in the exothermic reactions of 
neutrals, can be suppressed by the charge—dipole attraction in ion—molecular 
reactions. Thus, the rate coefficients are very large and can be found based on 
the Langevin relations (Equations 2.6.3 and 2.6.5). Not every Langevin cap- 
ture leads to the ion—molecular reactions with complicated rearrangement 
of chemical bonds or to the orbital symmetry and spin-forbidden reactions. 
For this reason, the pre-exponential Arrhenius factors of the complicated 
exchange reaction, orbital symmetry and spin forbidden reactions can be 
lower than the Langevin rate coefficients (Su and Bowers, 1975). In gen- 
eral, however, the exothermic ion—molecular reactions with rearrangement 
of chemical bonds are much faster than the corresponding processes between 
neutrals. This effect is especially important at low temperatures when even 
small activation barriers can dramatically slow down exothermic reactions. 
Anextensive listing of the ion molecular reaction rate coefficients is presented 
in the monograph of Virin et al. (1978). 


2.6.5 lon—Molecular Chain Reactions and Plasma Catalysis 


The absence of activation energies in exothermic ion—molecular reactions 
facilitates organization of chain reactions in ionized media. Thus for example, 
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the important industrial process of SO2 oxidation into SO3 and sulfuric acid 
is highly exothermic; however, it cannot be arranged as an effective chain 
process without a catalyst because of the energy barriers of intermediate 
elementary reactions between neutral species. However, the long length SO2 
chain oxidation becomes effective in ionized media through the negative ion 
mechanism in water or in droplets in heterogeneous plasma (Daniel and Jacob, 
1986; Potapkin et al., 1995). 

This chain oxidation process begins with SO2 dissolving and forming a 
negative ion SOZ- in the case of low acidity (pH > 6.5). Then a charge transfer 
process with an OH radical results in the formation of an active SO} radical 
ion and subsequent initiation of a chain reaction: 


OH + S03” —> OH” + SO}. (2.6.20) 


The active SO; radical ion becomes the main chain-carrying particle, 
initiating the chain mechanism. The first reaction of the chain propagation 
is the attachment of an oxygen molecule: 


TE; —12 3. 
sor pO = 665 (2.6.21) 


Then the chain propagation can go either through intermediate formation 
of SO; radical ion: 


k=5x10-4cm3/s 
— 


SO; + S02- SO% + SOJ. (2.6.22) 
5 3 4 4 


k=3.3x107!2cm3/s 
—_ 


SO; + S037 SO} + S03. (2.6.23) 


or similarly through intermediate formation of SOz- radical ion: 


k=1.7x10-!4cm3/s 


SO; + S057 SO2- + SOZ. (2.6.24) 
5 3 5 3 


k=2x10-4cem3/s 
> 


SOz” + S037 SOT + SOF. (2.6.25) 
Considering all these reactions, one should take into account that the fact that 
ion so? is a product of the SO oxidation. This stable ion corresponds to the 
SO} molecule in the gas phase and to sulfuric acid H2S in a water solution. 
Here, the chain termination is due to losses of SO, and SO;,, and the chain 
length easily exceeds 10°. Thus it can be concluded that plasma as an ionized 
medium permits avoiding activation energy barriers of elementary exother- 
mic reactions and, as a result, can operate similar to traditional catalysts. This 
phenomenon is called plasma catalysis (Potapkin et al., 1989). 
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2.6.6 lon—Molecular Processes of Cluster Growth: The Winchester 
Mechanism 


From Section 2.6.1 it is clear that ion—molecular reactions are very favorable 
for cluster formation due to the effective long-distance charge—dipole and 
polarization interaction leading to Langevin capturing. Indeed both positive 
and negative ion—molecular reactions can make a fundamental contribution 
in the nucleation and the cluster growth phases of dusty plasma genera- 
tion in electric discharges (Bouchoule, 1993, 1999) and even soot formation 
in combustion. Specific details of cluster growth in nonthermal discharges 
will be discussed during consideration of physics and chemistry of the dusty 
plasmas. Here the fundamental effects of ion—molecular processes of cluster 
growth will be pointed out. Besides the effect of Langevin capture (Section 
2.6.1), the less known, but very important Winchester mechanism of ion- 
molecular cluster growth needs to be considered (Bougaenko and Polak, 
1989). A key point of the Winchester mechanism is the thermodynamic 
advantage of the ion-cluster growth processes. If a sequence of negative ions 
defining the cluster growth is considered: 


Ay > Ag > A3 ts Se Ay Soe (2.6.26) 
the corresponding electron affinities EA;,EA2,EA3,...,EA, are usually 
increasing, ultimately reaching the value of the work function (electron extrac- 
tion energy), which is generally larger than the electron affinity for small 
molecules. As a result, each elementary step reaction of the cluster growth 
A; > A, has an a priori tendency to be exothermic. Exothermic ion- 
molecular reactions have no activation barrier and are usually very fast, thus 
the Winchester mechanism explains effective cluster growth based on ion- 
molecular processes. The phenomenon is important until the cluster becomes 
too large and the difference in electron affinities EA), , — EAn becomes negli- 


n+1 
gible. Each elementary step A; > A,,,, includes the cluster rearrangements 
with an electron usually going to the furthest end of the complex. This 
explains the origin of the term “Winchester,” which sticks to the described 
mechanism of cluster growth. The Winchester mechanism is valid not only 
for the negative, but for the positive ion-clusters as well. The thermodynamic 
advantage of ion-cluster growth for positive ion also holds. If a sequence of 
positive ions defining the cluster growth is considered: 


AT > AZ > AZ pon AP Sits (2.6.27) 


n 


The corresponding ionization energies I(A1), I(A2), I(A3), . . ., I (An) are usu- 
ally decreasing to ultimately reach the value of the work function (electron 
extraction energy), which is generally lower than ionization energy for small 
molecules. As a result, each elementary step reaction of the cluster growth 
has an a priori tendency to be exothermic for positive ions as well. Thus, the 
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SiH; SiH; SiH; 


FIGURE 2.15 
Illustration of ion—molecular reactions of cluster growth. 


Winchester mechanism explains the effective cluster growth for both posi- 
tive and negative ions. As a specific example, one can mention a sequence of 
ion—molecular reactions during nucleation stage and cluster growth (dusty 
plasma formation) in low-pressure silane (SiH4) and silane—argon (SiH4—Ar) 
discharges (Howling, 1993a,b; Boufendi and Bouochoule, 1994; Garscadden, 
1994; Fridman et al., 1996): 


SinH5,,, + SiH > Sin Hz 43 + Ho. (2.6.28) 


The nucleation process can be initiated by a dissociative attachment: e + 
SiH4 + SiH, +H (k = 1071? cm?/s at electron temperature Te = 2eV) and 
then continued by sequence (Equation 2.6.28) in exothermic, thermo-neutral, 
and slightly endothermic reactions as is illustrated in Figure 2.15. Thermal 
effects of the first four reactions of Equation 2.6.28 demonstrate the Winchester 
mechanism in silane plasma: 


SiH; + SiH4 > SigH5 + Hy — 0.07 eV. (2.6.29) 
SiH; + SiH; > SisH7 + Hp + 0.07 eV. (2.6.30) 
SisH7 + SiH4 > SiaHy + H2 + 0.07 eV. (2.6.31) 
SigHy + SiH4 > SisH;, + H2 + 0.00 eV. (2.6.32) 


The Winchester mechanism shows the effects of energy on ion-cluster 
growth. Not all reactions of the sequence are exothermic; thermo-neutral 
and even endothermic stages can be found. This results in “bottle neck” 
phenomena in nucleation kinetics in low pressure silane discharges. 


PROBLEMS AND CONCEPT QUESTIONS 


1. Electron energy distribution functions. Let the electron energy distri- 
bution function be Maxwellian and the electron temperature be Te 
= 1 eV. (a) What is the mean velocity (v) of the electrons in this case? 
(b) What is the mean electron energy? (c) Which electron energy m 
(v)2/2 corresponds to the mean velocity? (d) How can you explain 
the difference between the two “average electron energies” n terms 
of standard deviation? 
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10. 


11. 


12. 


13. 


Ionization potentials and electron affinities. Why are most ionization 
potentials (Table 2.1) greater than electron affinities (Table 2.2)? 
Positive and negative ions. Why is it very doable to produce the 
double- or multi-charged positive ions such as A*+ or A*+ in 
plasma, and impossible to generate the doubly or multi-charged 
negative ions such as AT or A2- ina practical gas discharge 
plasmas? 

Mean free path of electrons. In which gases are the mean free path 
of electrons with electron temperature Te = 1eV longer and why 
(helium, nitrogen or water vapor at the similar pressure conditions)? 
Reaction rate coefficients. Recalculate the Maxwellian electron energy 
distribution function into the electron velocity distribution func- 
tion f(v) and then find an expression for reaction rate coefficient 
Equation 2.1.7 in the case when o = oo = const. 

Elastic scattering. Charged particle scattering in neutral molecules 
with permanent dipole momentum can be characterized by the fol- 
lowing cross section dependence on energy: o(e) = const./e. How 
does the rate coefficient of the scattering depend on temperature in 
this case? 

Direct ionization by electron impact. Using Equation 2.2.8 for the gen- 
eral ionization function f (x), find the electron energy corresponding 
to the maximum value of direct ionization cross section. Compare 
this energy with the electron energy optimal for direct ionization 
according to the Thomson formula. 

Comparison of direct and stepwise Ionization. Why does direct 
ionization make a dominant contribution in nonthermal electric 
discharges, while in thermal plasmas stepwise ionization is more 
important? 

Stepwise ionization. Estimate a stepwise ionization reaction rate in Ar 
at electron temperature 1 eV, assuming quasi-equilibrium between 
plasma electrons and electronic excitation of atoms, and using 
Equation 2.2.19. 

Electron beam propagation in gases. How does the propagation length 
of a high-energy electron beam depend on pressure at fixed tem- 
perature? How does it depend on temperature at a fixed pressure? 
Photoionization. Why can the photoionization effect play the domi- 
nant role in propagation of both nonthermal and thermal discharges 
in fast flows including supersonic ones? What is the contribution of 
photoionization in the propagation of slow discharges? 

Massey parameters. Estimate the adiabatic Massey parameter for 
ionization of Ar atom at rest in collision with Art ion, having a 
kinetic energy more than twice the ionization potential. Discuss the 
probability of ionization in this case. 

Ionization in an ion—neutral collision. How large is the Ht atom energy 
supposed to be for this ion to reach a velocity equal to the electron 
velocity in a hydrogen atom. Compare this energy with the H atom 
ionization potential. What are your conclusions about ionization 
process initiated by ion impact? 
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14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 
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Ionization in the collision of excited heavy particles. Why is ionization 
in the collision of vibrationally excited molecules usually much 
less effective than in a similar collision of electronically excited 
molecules? 

Ionization in the collision of vibrationally excited molecules. In principal, 
ionization can take place in collisions of nitrogen molecules having 
32 vibrational quanta each. Is it possible to increase the probability 
of such ionization by increasing the vibrational energy of the colli- 
sion partners or by increasing the electronic energy of the collision 
partners? 

Dissociative electron-ion recombination. According to Equation 2.3.4, 
the rate coefficient of dissociative recombination is inversely pro- 
portional to the temperature of the gas. However in reality, when 
the electric field is fixed, this rate coefficient decreases faster than 
the inverse proportionality. How can you explain that? 
Ion-conversion, preceding electron-ion recombination. How large is the 
relative concentration of complex ions such as NÝ (N2) supposed to 


be to compete with conventional electron recombination with Nz 
ions in the same discharge conditions? 

Three-body electron-ion recombination. Derive the reaction rate coeffi- 
cient of the three-body recombination using Equation 2.2.16 for the 
stepwise ionization rate coefficient and the Saha thermodynamic 
equation for ionization /recombination balance. 

Radiative electron-ion recombination. Give an example of discharge 
parameters (type of gas, range of pressures, plasma densities, etc.), 
when the radiative electron-ion recombination dominates between 
other mechanisms of losses of charged particles. 

Dissociative attachment. Calculate the dissociative attachment rate 
coefficients for molecular hydrogen and molecular oxygen at elec- 
tron temperatures 1 eV and 5 eV. Compare the results and give your 
comments. 

Negative ions in oxygen. What are the discharge and gas parameters 
supposed to be if the negative oxygen ions are mostly gener- 
ated by three-body attachment processes, and not by dissociative 
attachment? 

Associative detachment. Calculate the relative concentration of CO in 
CO -discharge plasma if the main associative detachment process 
in this discharge dominates over dissociative attachment. Suppose 
that the electron temperature is 1 eV, and the concentration of 
negative ions is 10 times less than of positive ions. 

Detachment by electron impact. Detachment of an electron from a neg- 
ative ion by electron impact can be considered as “ionization” of 
the negative ion by electron impact. Why is it not possible to use 
Thomson’s formula in this case instead of Equation 2.4.15? 
Negative ions in thermal plasma. Why is the concentration of negative 
ions in thermal plasmas usually very low even in electronegative 
gases? Which specific features of thermal plasmas with respect to 
nonthermal plasmas are responsible for that? 
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25. 


26. 


A 


28. 


29. 


30. 


31. 


32. 


Ion—ion recombination in binary collisions. Determine how the ion- 
ion recombination rate coefficient depends on temperature. Use 
Equation 2.5.5 for the cross section of the binary collision recombi- 
nation rate and assume the Maxwellian distribution function with 
temperature To for both positive and negative ions. 

Three-body ion-ion recombination. Comparing Thomson’s and 
Langevin’s approaches for the three-body ion-ion recombination 
and the correspondent rate coefficients in Equations 2.5.9 and 2.5.13, 
find a typical value of pressure when the recombination reaches 
the maximum rate. Consider oxygen plasma with heavy particle 
temperature 1 eV as an example. 

Langevin cross section. Calculate the Langevin cross section for Ar 
ion collision with an argon atom and with a water molecule. Com- 
ment on your result. Compare the contribution of the polarization 
term and the charge-dipole interaction term in the case of Art ion 
collision with a water molecule. 

Resonant charge transfer process. Is it possible to observe the resonant 
charge transfer process during an ion-neutral interaction with only 
a slight perturbation of trajectories of the collision partners? 
Tunneling effect in charge transfer. Estimate how strong the tun- 
neling effect can be in resonant charge transfer in ion—neutral 
collision. For two different velocities, compare the cross section of 
charge exchange between an argon atom and an argon positive ion 
calculated with and without taking into account the tunneling effect. 
Nonresonant charge exchange. Most negative ions in nonthermal 
atmospheric pressure air discharges are in the form of O; . What 
will happen to the negative ion distribution even if a very small 
amount of fluorine compounds is added to air? 

Plasma catalytic effect. Compare the catalytic effect of plasma pro- 
vided by negative ions, positive ions, active atoms and radicals. All 
these species are usually quite active, but which one is the most 
generally relevant to the plasma catalysis. 

Winchester mechanism. Why is the ion mechanism of cluster growth 
usually less effective in combustion plasma during soot formation 
than in a similar situation in electrical discharge plasma? 
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Elementary Processes of Excited Molecules 
and Atoms in Plasma 


N 
3.1 Electronically Excited Atoms and Molecules in Plasma 


The extremely high chemical activity of plasma is based on high and quite 
often super-equilibrium concentration of active species. The active species 
generated in plasma include chemically aggressive atoms and radicals, 
charged particles—electron and ions, and excited atoms and molecules. Ele- 
mentary processes of atoms and radicals are traditionally considered in a 
framework of chemical kinetics (see e.g., Eyring et al., 1980; Kondratiev and 
Nikitin, 1981), elementary processes of the charged particles were considered 
in Chapter 2, that of the excited species will be considered in this chapter. 
Excited species, in particular, vibrationally excited molecules, are of special 
importance in plasma chemical kinetics because most of the discharge energy 
in molecular gases (often more than 95%) can be focused on vibrational excita- 
tions by electron impact. Excited species can be subdivided into three groups: 
electronically excited atoms and molecules, vibrationally, and rotationally 
excited molecules. 


3.1.1 Electronically Excited Particles, Resonance, and Metastable States 


High electron energies in electric discharges provide high excitation rate 
of different electronically excited states of atoms and molecules by electron 
impact. Energy of the electronically excited particles usually is relatively high 
(about 5-10 eV), but their lifetime is generally very short (usually about 1078- 
1076 s). A state is called the resonance-excited state if radiative transition to 
the ground state is not forbidden by quantum mechanical selection rules. The 
resonance states have the shortest lifetime (about 1078 s) with respect to radi- 
ation, and therefore, their direct contribution in kinetics of chemical reactions 
in plasma is usually small. If the radiative transition is forbidden by selec- 
tion rules, the lifetime of the excited particles can be much longer because 
of absence of spontaneous transition. Such states are called the metastable 
excited states. The energy of the first resonance excited states as well as 
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TABLE 3.1 


Lowest Electronically Excited States and the Lowest Metastable States for Excited 
Atoms with Their Radiative Lifetimes 


Metastable States 


Atoms and First 

Their Resonance Resonance Low Energy Energy Lifetime 
Ground State Excited States Energy (eV) States (eV) (s) 
He (1s? 1S0) 2p 1p? 21.2 2s 3S4 19.8 9 x 10° 
He (1s? 1S0) 2s 1Sq 20.6 2 x 107? 
Ne (2s’p® 1S9) 3s 1po 16.8 4s 3P, 16.6 4 x 10? 
Ne (2s*p® 1S0) 4s 3 Po 16.7 20 

Ar (3s*p® !S9) 4s 2p0 11.6 4s Pio 11.6 40 

Kr (4s?p® 1S9) 5s 3po 10.0 5s 3P> 9.9 2 

Kr (4s*p® 1S0) 5s 3Po 10.6 1 

H (1s ?S1/2) 2p P0 123/2 10.2 2s 81/2 10.2 0.1 

N (2s?p’ 453/2) 3s 4P 1231/25/2 10.3 2p? 7D3/2 24 6 x 104 
N (2s’p? 453/2) 2p? ?D5;2 2.4 1.4 x 10° 
N (2s*p? 45372) 2p? PI 2 3.6 40 

N (2s?p’ 4S3/2) 2p° 2P} 2 3.6 1.7 x 102 
O (2s*p* 3P2) 3s 3S9 9.5 2p* SP, 0.02 -= 

O (2s*p* 3P2) 2p* 3Po 0.03 - 

O (2s?p* 3P2) 2p* Dz 2.0 102 

O (2s*p* 3P5) 2p* 159 4.2 1 

Cl (3sp° 7P3/2) 4s 2P¢ 123/2 9.2 3p” 3P 2 0.1 102 


the energy of the low energy metastable states and their radiative lifetime 
is given in Table 3.1. Because of their long lifetime with respect to radia- 
tion, the electronically excited atoms and molecules in the metastable state 
are able to accumulate the necessary discharge energy and significantly con- 
tribute to the kinetics of different chemical reactions in plasma. The metastable 
excited particles can lose their energy not only by radiation, but also by means 
of different collisional relaxation processes. The energy of excitation of the 
metastable states can be quite low (sometimes less than 1 eV), and therefore, 
their concentration in electric discharges can be high. 


3.1.2 Electronically Excited Atoms 


Collision of a high-energy plasma electron with a neutral atom in a ground 
state can result in energy transfer from the free plasma electron to a bound 
electron in the atom. The most important growth of energy of a bound electron 
during the excitation is due to an increase in the principal quantum number 
n, but it also usually grows with the value of angular momentum quantum 
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TABLE 3.2 
Rydberg Correction Terms A; for Excited Helium 
Atoms 

He (S = 0) He (S = 1) 
He (I = 0) Ag = —0.140 Ag = —0.296 
He (1 = 1) Ay = +0.012 Ay = —0.068 
He (I = 2) A2 = —0.0022 A2 = —0.0029 


number l. This effect can be illustrated quantitatively in a case of strong exci- 
tation of any atom to a relatively high principal quantum number n. In this 
case, one electron is moving quite far from the nucleus and therefore is almost 
moving in a Coulomb potential. Such an excited atom is somewhat similar to 
a hydrogen atom. Its energy can be described by the Bohr formula with the 
Rydberg correction term A;, which takes into account the short-term devia- 
tion from the Coulomb potential when the electron approaches nucleus (see 
Landau, 1997): 
met 1 
22 (4n20)2 (n + Ap)? Ý 


(3.1.1) 


The Rydberg correction term A; = 0 in hydrogen atoms, and Equation 3.1.1 
becomes identical to the conventional Bohr formula. In general, A; does not 
depend on the principal quantum number n, but depends on the angular 
momentum quantum number / of the excited electron as well as on the L 
and S momentum of the whole atom. If the L and S quantum numbers are 
fixed, the Rydberg correction term A; decreases fast with increasing angular 
momentum quantum number l. When the quantum number ! is growing, 
the excited electron spend less time in the vicinity of nucleus and the energy 
levels are closer to those of hydrogen. This effect can be demonstrated by 
numerical values of A; for excited helium both in case of S = 0 and S = 1 
(see Table 3.2). In general, energy levels of excited atoms depend not only 
on the principal quantum number n of the excited electrons and the total 
orbital angular momentum L, but also on the total spin number S and total 
momentum quantum number J. Thus, typically, the triplet terms (S = 1) lie 
below the correspondent singlet terms (S = 0) and hence the energy levels 
in corresponding excited atomic states are lower for the higher total spin 
numbers. 

The total orbital angular momentum (corresponding quantum number L) 
and the total spin momentum (quantum number S) are coupled by weak 
magnetic forces. This results in splitting of a level with fixed values of L and 
S into group of levels with different total momentum quantum numbers J 
from a maximum J = L + S to a minimum J = |L — S| (altogether there are 
2S +1 energy levels in the multiplet, if S < L). Also the energy difference 
inside of the multiplet between two levels J + 1 and J (with the same L and S) 
is proportional to J + 1. It should be mentioned that the preceding discussion 
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of the energy hierarchy of electronically excited levels imply the usual case 
of the so-called L-S coupling. The orbital angular momenta of individual 
electrons in this case are strongly coupled among themselves. Then they can 
be described only by the quantum number L. Similarly, individual electron 
spin momenta are presented altogether by total quantum number S. The L-S 
coupling cannot L-S be applied to noble gases and heavy, and therefore larger, 
atoms, when the coupling between electrons decreases and electron spin-orbit 
interaction becomes predominant, resulting in the so-called j-j coupling. 

Before discussing the selection rules for dipole radiation, it would be help- 
ful to review the standard designation of atomic levels. As an example, take 
the ground state of atomic nitrogen from Table 3.1, N (2s*p? 4S3/2). This desig- 
nation includes information about individual outer electrons: 2s*p® indicates 
that on the outer shell with the principal quantum number n = 2 there are two 
s-electrons (l = 0) and three p-electrons (/ = 1). The next part of the designa- 
tion 4S3/2 describes the outer electrons of the ground state atomic nitrogen 
not individually, but rather collectively. The left-hand superscript “4” in 453/2 
denotes the multiplicity 2S + 1, which corresponds, as was mentioned before, 
to the number of energy levels in a multiplet if S < L. From the multiplicity 
one can obviously determine the total spin number of the ground state atomic 
nitrogen S = 3/2. The capital letter S in S32 denotes the total orbital angular 
momentum L = 0 (other values of L = 1,2,3,4 comespends to capital letters 
P, D, F, and G). The right-hand subscript “3/2” in *S3/2 denotes the total 
momentum quantum number J = 3/2. One can see from Table 3.1 that some 
term symbols, such as the case of the first excited state of helium 2p 1p0, also 
contains a right-hand superscript “0.” This superscript is the designation of 
parity, which can be either odd (superscript “0”) or even (no right-hand super- 
script), depending on the odd or even value of the sum of angular momentum 
quantum numbers for individual electrons in the atom. For completed shells 
the parity is obviously even. 

To determine which excited states are metastable and which can be easily 
deactivated by dipole radiation, it is convenient to use the selection rules. 
Actually these rules indicate whether an electric dipole transition (and hence 
radiation emission or absorption) is allowed or forbidden. The selection rules 
allowing the dipole radiation in the case of L-S coupling are 


1. The parity must change. Thus, as seen from Table 3.1, ground states 
and first resonance excited states have different parity. 


2. The multiplicity must remain unchanged. This rule can also be observed 
from Table 3.1, where spin-orbit interaction is predominant, resulting 
not in L-S but j-j coupling. Note that this rule cannot be applied to 
noble gases. 


3. Quantum numbers J and L must change by +1, —1 or 0 (however, transi- 
tions 0 — 0 are forbidden). It can also be seen in the correspondence 
between the ground and first resonance excited states presented in 
Table 3.1. 
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3.1.3 Electronic States of Molecules and Their Classification 


Classification of electronically excited states of diatomic and linear polyatomic 
molecules is somewhat similar to those of atoms. Molecular terms can be spec- 
ified by the quantum number A = 0,1,2,3 (corresponding Greek symbols 
x, I, A, ®), which describe the absolute value of the component of the total 
orbital angular momentum along the internuclear axis. If A 4 0, the states are 
doubly degenerate because of two possible directions of the angular momen- 
tum component. Molecular terms are then specified by a quantum number S, 
which designates the total electron spin angular momentum and defines the 
multiplicity 2S + 1. Similar to atomic terms, the multiplicity is written here as 
a prefixed superscript. Thus, the designation °T means A = 1,5 = 1/2. Note 
that the description and classification of nonlinear polyatomic molecules is 
more complicated, in particular because of absence of a single internuclear 
axis. In the case of £ states (e.g., A = 0), to designate whether the wave func- 
tion is symmetric or antisymmetric with respect to reflection at any plane 
including the internuclear axis, the right-hand superscripts “+” and “—” are 
used. Further, to designate whether the wave function is symmetric or anti- 
symmetric with respect to the interchange of nuclei in homonuclear molecules 
such as No, H2, Oo, Fz, and so on, the right-hand subscripts “g” or “u” are 
written. Remember, this type of symmetry can be applied only for diatomic 
molecules. Thus, the molecular term designation us means A = 0,S =0 
and the wave function is symmetric with respect to both reflection at any 
plane including the internuclear axis and to interchange of nuclei. To denote 
the ground state electronic term, capital letter X is usually written before 
the symbol of the term symbol. Capital letters A, B, C, and so on before the 
main symbols denote series of excited states having the same multiplicity as a 
ground state. Small letters a,b,c, and so on before the main symbol denote con- 
versely, the series of excited states having multiplicity different from that of 
a ground state. Electronic terms of ground states of some diatomic molecules 
and radicals are given in Table 3.3 together with specification of electronic 
states of atoms, corresponding to dissociation of the diatomic molecules. The 
majority of chemically stable (saturated) diatomic molecules are seen to have 
completely symmetrical normal electronic state with S = 0. In other words, 
a ground electronic state for the majority of diatomic molecules is X!X* or 
x! Be for the case of homonuclear molecules. Exceptions of this rule includes 


Oz (normal term X? ue ) and NO (normal term X?IT1). Obviously, this rule 
cannot be applied to radicals. 


3.1.4 Electronically Excited Molecules, Metastable Molecules 


The collisional relaxation processes strongly depend on the degree of the res- 
onance during the collision and the corresponding Massey parameter, see 
Section 2.2.7. However, the energy transfer for such deactivation and the 
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TABLE 3.3 


Electronic Terms of Nonexcited Diatomic Molecules, 
Radicals and Products of Their Dissociation 


Molecules Ground State Electronic States of 
and Radicals Term Dissociation Products 
Co XIS CÊP) + CÊP) 
CF x?n CP) + F(2P) 
CH x?n CÊP) +HÊS) 
CN X?E+ CCP) +N('s) 
CoO Xit CÊP) +OP) 
BF Xlyt BP) + F(2P) 

F> XE FÊP) + FÊP) 
HCl Xlyt H(2S) + Cl(2P) 

F xXlyt H(2S) + F(2P) 
Liz X! Li(?S) + Li(2S) 
No xlot N(49°) + N(45°) 
NE xXsp- N(4S°) + FZ P) 
NH XET N(#S°) + H?S) 
NO X? N(4S°) + OCP) 
O2 Dy O@P) + OCP) 
OH x?n O@P) + HÈS) 
SO XE- SPP) + OCP) 


corresponding Massey parameter are usually very large and the probability of 
relaxation is low. Nevertheless, the deactivation of molecules can be effective 
in collision with chemically active atoms, radicals as well as in surface colli- 
sions. The most important factor defining the stability of excited molecules is 
radiation. Electronically excited molecules can easily decay to a lower energy 
state by a photon emission if the corresponding transition is not forbidden by 
the selection rules. The selection rules for electric dipole radiation of excited 
molecules require 


AA =0,+1, AS=0, (3.1.2) 


For transitions between È states, and for transitions in the case of homo- 
nuclear molecules, additional selection rules require 


E> rt o Y > and gou, ug. (3.1.3) 


If radiation is allowed, its frequency can be as high as 10° s71. Lifetimes for 
diatomic molecules and radicals are given in Table 3.4 together with the exci- 
tation energy of the corresponding states (this energy is taken between the 
lowest vibrational levels). In contrast to the resonance states, the electronically 
excited, metastable molecules have very long lifetimes: seconds, minutes, and 
sometimes, even hours resulting in the very important role of the metastable 
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TABLE 3.4 


Lifetimes and Energies of Electronically Excited Diatomic Molecules 
and Radicals on the Lowest Vibrational Levels 


Molecule or Energy of the Radiative 
Radical Electronic State State (eV) Lifetime (s) 
co Aln 7.9 9.5 x 107° 
Co dTig 2.5 1.2 x 1077 
CN ATI 1 8 x 1076 
CH A? A 2.9 5x 1077 
N2 b’ Tig 7.2 6 x 1076 
NH byt 2.7 2x 1072 
NO ben 5.6 3x 1076 
Oo AEE 4.3 2x 1075 
OH A? 5t 4.0 8 x 1077 
Hp BLEF 11 8 x 10710 
Cly ASTI 2.1 2x 1077 
So BSE, 3.9 2x 1078 
HS A2zst — 3 x 1077 
SO ASTI 4.7 1.3 x 1078 


molecules in plasma chemical kinetics. These chemically reactive species can 
be generated in a discharge and then transported to a quite distant reaction 
zone. Information on excitation energies of some metastable molecules (with 
respect to the ground electronic state) and their radiative lifetimes are pre- 
sented in Table 3.5. The oxygen molecules have two very low-lying (energy 
about 1 eV) metastable singlet states with long lifetimes. Such electronic exci- 
tation energy is already close to the typical energy of vibrational excitation 
and therefore the relative concentration of such metastable particles in electric 
discharges can be very high. Their contribution to plasma chemical kinetics is 


TABLE 3.5 


Lifetimes and Energies of the Metastable Diatomic Molecules 
(on the Lowest Vibrational Level) 


Metastable Electronic Energy of the Radiative 
Molecule State State Lifetime (s) 
No Ay 6.2 13 

No aly 8.4 0.7 

N2 a! Tig 8.55 2 x 1074 
No ESE 11.9 300 

Op al Ag 0.98 3 x 108 
Oz boy 1.6 7 

NO a“tl 4.7 0.2 
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especially important, considering the very fast relaxation rate of vibrationally 
excited oxygen molecules. 

The energy of each electronic state depends on the instantaneous configu- 
ration of nuclei in a molecule. In the simplest case of diatomic molecules, the 
energy depends only on the distance between two atoms. This dependence 
can be clearly presented by potential energy curves. These are very conve- 
nient to illustrate different elementary molecular processes like ionization, 
excitation, dissociation, relaxation, chemical reactions and so on. The potential 
energy curves were already used in Chapter 2 to describe electron-molecular 
and other fundamental collisional processes, see for example, Figures 2.5, 
2.6, 2.10, 2.13, and 2.14. These figures are simplified to illustrate the curves of 
potential energy and to explain a process, real curves are much more sophisti- 
cated. Examples of real potential energy curves are given in Figure 3.1 for some 
diatomic molecules important in plasma chemical applications, for example, 
Hp (Figure 3.1a), N2 (Figure 3.1b), CO (Figure 3.1c), NO (Figure 3.1d), and 
O2 (Figure 3.1e). Their approximation by the Morse curve is presented in 
Figure 3.2, which will be discussed in Section 3.2.1. 


3.2 Vibrationally and Rotationally Excited Molecules 


When the electronic state of a molecule is fixed, the potential energy curve is 
fixed as well and it determines the interaction between atoms of the molecules 
and their possible vibrations. The molecules also participate as a multibody 
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FIGURE 3.1 
Potential energy curves of diatomic molecules. (a) Hz, (b) N2, (c) CO, (d) NO, and (e) O2. 
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FIGURE 3.1 
Continued. 


system in rotational and translational motion. Quantum mechanics of the 
molecules shows that only discrete energy levels are permitted in molecu- 
lar vibration and rotation. The structure of these levels both for diatomic 
and polyatomic molecules will be considered below in connection with the 
potential energy in curves. The vibrational excitation of molecules plays an 
essential role in plasma physics and chemistry of molecular gases. First of all, 
this is due to the fact that the largest portion of the discharge energy transfers 
usually from the plasma electrons primarily to the excitation of molecular 
vibrations, and only after that to different channels of relaxation and chemi- 
cal reactions. Several molecules, such as N2, CO, H2, and CO? can maintain 
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FIGURE 3.1 
Continued. 


vibrational energy without relaxation for relatively long time, which then can 
be selectively used in chemical reactions. 


3.2.1 Potential Energy Curves for Diatomic Molecules, Morse Potential 


The potential curve U(r) for diatomic molecule can be represented by the 
so-called Morse potential: 


U(r) = Doll — exp(—a(r — 10). (3.2.1) 
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Potential energy, U(r) 
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FIGURE 3.2 
Potential energy diagram of a diatomic molecule AB in the ground and electronically excited 
state. 


In this expression r is the distance between atoms in a diatomic molecule. 
Parameters ro, a, and Do are usually referred to as the Morse potential param- 
eters. The distance ro is the equilibrium distance between the nuclei in the 
molecule, the parameter a is a force coefficient of interaction between 
the nuclei, the energy parameter Do is the difference between the energy of 
the equilibrium molecular configuration (r = rọ) and that of corresponding 
to the free atoms (r — oo). The Morse parameter Dp is called the dissocia- 
tion energy of a diatomic molecule with respect to the minimum energy (see 
Figure 3.2). As one can see from the figure, the real dissociation energy D 
is less than the Morse parameter on the so-called value of “zero-vibrations,” 
which is a half of a vibrational quantum hw/2: 


1 
D = Do ~ she. (3.2.2) 


This difference between D and Do is not large and often can be neglected. 
Nevertheless, it can be very important sometimes, in particular for isotopic 
effects in plasma chemical and general chemical kinetics, which will be dis- 
cussed in Section 5.4. The Morse parameter Dg is determined by the electronic 
structure of the molecule, and as a result it is the same for different isotopes. 
However, the vibrational quantum fiw depends on the mass of the oscillator, 
and hence it is different for different isotopes. The difference in vibrational 
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quantum results in differences in the real dissociation energy D and hence in 
the chemical kinetics of dissociation and reaction for different isotopes. The 
part of the energy curve when r > ro corresponds to an attractive potential, 
and that of r < ro corresponds to repulsion between nuclei. Near a U(r) mini- 
mum pointr = rọ, the potential curve is close toa parabolic one U = Doa? (r — 
ro)?, which corresponds to harmonic oscillations of the molecule. With energy 
growth, as is shown in Figure 3.2, the potential energy curve becomes quite 
asymmetric; the central line demonstrates the increase of the average distance 
between atoms and the molecular vibration becomes anharmonic. 


3.2.2 Vibration of Diatomic Molecules, Model of Harmonic Oscillator 


Consider potential curve of interaction between atoms in a diatomic molecule 
as: U = Doa2(r — 19)". Then, quantum mechanics predicts for diatomic 
molecules the sequence of discrete vibrational energy levels: 


1 2D 
Ey = ho (» i 5) , o= aro ae (3.2.3) 


Here the vibrational energy Ey is taken with respect to the bottom of the 
potential curve, A is the Planck’s constant, I = [M1M2/ (M1 +M2)]r is the 
momentum of inertia of the diatomic molecule with mass of nuclei M; and 
M2, is the vibration frequency and finally v is the vibrational quantum num- 
ber of the molecule (v = 0,1,2,3,...). The sequence of vibrational levels is 
shown in Figure 3.2. These levels are equidistant in the framework of the 
harmonic approximation, that is, the energy distance between them is con- 
stant and equals to the vibrational quantum fiw. The vibrational quantum is 
actually the smallest portion of vibrational energy, which can be used dur- 
ing an energy transfer or exchange. The value of the quantum is fixed in the 
framework of harmonic approximation, but it changes from level to level in 
the case of anharmonic oscillator (see Figure 3.2). Even the lowest vibrational 
level v = 0 is located above the bottom of the potential curve. “No oscilla- 
tion” maintains some energy there anyway. The level of the zero vibrations 
corresponds to iw/2 and defines, as was mentioned above, to the quantum 
mechanical effect on dissociation energy (Equation 3.2.2). 

Compare typical frequencies and energies (which are obviously pro- 
portional to the frequencies) for electronic and vibrational excitations of 
molecules. Electronic excitation does not depend on the mass of heavy parti- 
cles M but only on electron mass m, see Equation 3.1.1. However, the second 
one, vibrational excitation (Equation 3.2.3) is proportional to Equation 3.2.3. 
This means that a vibrational quantum is typically /m/M ~ 100 and less than 
the characteristic electronic energy (ionization potential I ~ 10—20 eV). As a 
result, one can easily calculate the typical value of a vibrational quantum, 
which is usually about 0.1-0.2 eV. On the one hand, this energy is relatively 
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TABLE 3.6 


Vibrational Quantum and Coefficient of Anharmonicity 
for Diatomic Molecules in Their Ground Electronic States 


Vibrational 
Molecule Quantum (eV) Coefficient of Anharmonicity 
co 0.27 6 x 1073 
Fo 0.11 1.2 x 10-2 
HCl 0.37 1.8 x 10-2 
N2 0.29 6 x 1073 
Op 0.20 7.6 x 1073 
h 0.03 3 x 1073 
SO 0.14 5 x 1073 
Cl 0.07 5 x 1073 
Hp 0.55 2.7 x 10-2 
HF 0.51 2.2 x 1072 
NO 0.24 7 x 1073 
S2 0.09 4 x 107° 
B2 0.13 9 x 1073 
Liz 0.04 5 x 1073 


low with respect to typical electron energies in electric discharges (1-3 eV) 
and for this reason vibrational excitation by electron impact is very effec- 
tive. On the other hand, the vibrational quantum energy is large enough to 
provide at relatively low gas temperatures, the high values of the Massey 
parameter (Equation 2.2.27) Pma = AE/hav = w/av < 1 and to make vibra- 
tional deactivation (relaxation) in collision of heavy particles a slow, adiabatic 
process (see Section 2.2.7). As a result, at least in nonthermal discharges, the 
molecular vibrations are easy to activate and difficult to deactivate, which 
makes vibrationally excited molecules very special in different applications 
of plasma chemistry. Actual values of vibrational quantum for some diatomic 
molecules are presented in Table 3.6. From this table, and in accordance with 
Equation 3.2.3, the lightest molecule Hp is seen to have the highest oscillation 
frequency and hence the highest value of vibrational quantum fiw = 0.55 eV. 
Detailed information about all parameters characterizing the oscillations of 
diatomic molecules, including the vibrational frequency and anharmonicity 
can be found in Huber and Herzberg (1979) and Radzig and Smirnov (1980). 


3.2.3 Vibration of Diatomic Molecules, Model of Anharmonic Oscillator 


The parabolic potential: U = Dox?(r — ro)? and harmonic approximation 
(Equation 3.2.3) for vibrational levels are possible to use only for low vibra- 
tional quantum numbers, sufficiently far from the level of dissociation. 
Equation 3.2.3 is even unable to explain the molecular dissociation itself; 
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however, vibrational quantum number and vibrational energy can grow 
according to this formula without any limits. To solve this problem, the quan- 
tum mechanical consideration of oscillations of diatomic molecules should 
be done based on the Morse potential given by Equation 3.2.1. This is an 
approximation of a diatomic molecule as an anharmonic oscillator. Treating 
it as an anharmonic oscillator, the discrete vibrational levels of the diatomic 
molecules have according to exact quantum mechanical considerations, the 
following energies: 


E N E ee ee ate (8.2.4) 
=e a e V = 5 = ‘“ Le 
MN Dae, eae ee e = 4Do 


These energies of anharmonic vibrational levels are taken in the same 
manner as previously with respect to the bottom of the potential curve. Equa- 
tion 3.2.4 introduces a new important parameter of a diatomic molecule xe, 
which is a dimensionless coefficient of anharmonicity. As can be seen from 
Equation 3.2.4, the typical value of the coefficient of anharmonicity is 0.01. 
The actual values of anharmonicity for some diatomic molecules are also pre- 
sented in Table 3.6. Equation 3.2.4 for harmonic oscillators obviously coincides 
with Equation 3.2.3 for anharmonic oscillators if the coefficient of anharmonic- 
ity is equal to zero: xe = 0. Also the energy distance between zero level and the 
first level of an anharmonic oscillator (AEg = hw(1 — 2xe)) is pretty close to 
that of harmonic oscillator, which has a vibrational quantum fw. Vibrational 
levels are equidistant for harmonic oscillators, AEy = hw, but it is not the case 
if anharmonicity is taken into account. For anharmonic oscillators, according 
to Equation 3.2.4, the energy distance AE,(v, v + 1) between vibrational lev- 
els v and v + 1 becomes less and less with increasing vibrational quantum 
number v: 


AE, = Eyi1— Ey = ho — 2x%ehw(v + 1). (3.2.5) 


Only a finite number of vibrational levels exist in an anharmonic diatomic 
molecule. Equation 3.2.5 provides the possibility to determine the maximum 
value of the vibrational quantum number v = Vmax, which corresponds to 
AE, (v, v + 1) = 0 and hence to dissociation of the diatomic molecule: 


1 
Vmax = — — 1. (3.2.6) 
2e 


Calculating the maximum possible vibrational energy E, (v = Vmax) based 
on Equation 3.2.4 also leads to a relation similar to Equation 3.2.4 between the 
vibrational quantum, coefficient of anharmonicity, and dissociation energy of 
a diatomic molecule. The distance between vibrational levels Equation 3.2.5 
can also be referred to as a vibrational quantum, which obviously is not a 
constant, but a function of vibrational quantum number. In this case, the 


Elementary Processes of Excited Molecules and Atoms in Plasma 85 


smallest vibrational quantum corresponds to the energy difference between 
the last two vibrational levels v = vmax — 1 and v = Vmax: 


hoOmin = AEy(Vmax — 1, Vmax) = 2X%ehw. (3.2.7) 


This last vibrational quantum before the level of dissociation of a molecule 
is the smallest one, with a typical numerical value of about 0.003 eV. The 
corresponding Massey parameter (Equation 2.2.27) PMa = AE/hav = w/av is 
also relatively low. This means that transition between high vibrational levels 
during collision of heavy particles is a fast nonadiabatic process in contrast to 
adiabatic transitions between low vibrational levels (see Section 2.2.7). Thus, 
relaxation (deactivation) of highly vibrationally excited molecules is much 
faster than relaxation of molecules with the only quantum. The vibrationally 
excited molecules can be quite stable with respect to collisional deactivation. 
On the other hand, their lifetime with respect to spontaneous radiation is 
also relatively long. The electric dipole radiation corresponding to a transi- 
tion between vibrational levels of the same electronic state is permitted for 
molecules having permanent dipole moments pm. In the framework of the 
model of harmonic oscillator, the selection rule requires in this case Av = +1. 
However, the other transitions Av = +2,+3,+4,... are also possible in the 
case of the anharmonic oscillator, though with a much lower probability. 
The transitions allowed by the selection rule Av = +1 provide spontaneous 
infrared (IR) radiation. The radiative lifetime of vibrationally excited molecule 
(as well though as electronically excited ones) can then be found according 
to the classical formula for an electric dipole pm, oscillating with frequency w 
(here c is the velocity of light): 


he} 1 
TR = 12ne9—- —- (3.2.8) 

Pm ® 

The radiative lifetime strongly depends on the oscillation frequency. As was 

shown above in Section 3.2.2, the ratio of frequencies corresponding to vibra- 
tional excitation and electronic excitation is about ./m/M ~ 100. Then, taking 
into account Equation 3.2.8, the radiative lifetime of vibrationally excited 
molecules should be approximately (M/m)°/*, 10° times longer than that of 
electronically excited particles. Numerically this means that even for tran- 
sitions allowed by the selection rule, the radiative lifetime of vibrationally 
excited molecules is about 1073-107? s, which is quite large with respect to 
typical times of resonant vibrational energy exchange and some chemical 
reactions of the molecules. 


3.2.4 Vibrationally Excited Polyatomic Molecules, the Case of Discrete 
Vibrational Levels 


The vibration of the polyatomic molecules is more complicated than that 
of diatomic molecules because of possible strong interactions between 
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vibrational modes in multibody system. The strong interaction between dif- 
ferent vibrational modes takes place even at low excitation levels because 
of degenerate vibrations and intramolecular resonances. At high excitation 
levels, most important for plasma chemistry, this interaction is due to the 
anharmonicity and leads to a quasi-continuum of vibrational states. Details 
about this sophisticated subject can be found in Herzberg (1945) and Fridman 
et al. (1986). Here, the discussion will just address the most important aspects 
of the energy characteristics of vibrationally excited triatomic molecules. The 
nonlinear triatomic molecules have three vibrational modes (normal vibra- 
tions) with three frequencies w , 2, and w3 (which in general are different) 
and without any degenerate vibrations. When the energy of vibrational exci- 
tation is relatively low, the interaction between the vibrational modes is not 
strong and the structure of vibrational levels is discrete. The relation for 
vibrational energy of such triatomic molecules at the relatively low excita- 
tion levels is a generalization of Equation 3.2.4 for a diatomic, anharmonic 
oscillator: 


1 1 1 
Ey (v1, v2, v3) = hoy (r + >) + hoa(v + >) + hoa( 2 + 5) 


1X 1X? 1X% 

+ X11 (: + 2) F z) + a( ate 5) 
1 1 
+ X12 +5 02 + X43 t5 V3 1 5 


taft 5) v3 + ` (3.2.9) 


The six coefficients of anharmonicity have energy units, in this relation, in 
contrast with those coefficients for diatomic molecules (Equation 3.2.4). In 
Table 3.7 information is given about vibrations of some triatomic molecules, 
including their vibrational quanta, coefficients of anharmonicity as well as 
type of symmetry, which describes the types of normal vibrations and, in 
particular, indicates the presence of degenerate modes. The types of mole- 
cular symmetry clarify peculiarities of vibrational modes of the triatomic 
molecules. Symbols of molecular symmetry groups, given in the second 
column of Table 3.7, indicate transformations of coordinates, rotations and 
reflections, which keeps the Schroedinger equation unchanged for a triatomic 
molecule. 


1. The group Crv includes an nth-order axis of symmetry (which means 
symmetry with respect to rotation on angle 2x/n around the axis) 
and n planes of symmetry passing through the axis with an angle 
a /n between them. The subscript “v” in the symbol Crv of the group 
reflects that these planes of symmetry are vertical. In particular, a 
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TABLE 3.7 
Parameters of Oscillations of Triatomic Molecules 

Molecules and Normal Vibrations and Coefficients of Anharmonicity 

Symmetry Their Quanta (eV) (10-3 eV) 

Molecule Symmetry v v2 v3 x11 x22 X33 x42 X13 x23 
NO, Coy 0.17 0.09 0.21 -11 -0.06 -—2.0 1.2 -3.6 —0.33 
H2S Coy 0.34 0.15 0.34 3.1 0.71 3.0 2.4 11.7 2.6 
SO2 Coy 0.14 0.07 0.17 —0.49 —0.37 0.64 0.25 1.7 0.48 
H20 Coy 0.48 0.20 0.49 5.6 2.1 5.5 1.9 20.5 2.5 
D20 Coy 0.34 0.15 0.36 2.7 1.2 3.1 1.1 10.6 1.3 
T20 Coy 0.285 0.13 0.30 —1.9 0.83 2.2 0.76 7.5 0.90 
HDO Cih = Cs 0.35 0.18 0.48 5.1 1.5 10.2 2.1 1.6 25 
HTO Cih = Cs 0.29 0.17 0.48 3.6 1.3 10.2 1.7 13 2.4 
DTO Cih = Cs 0.29 0.14 0.35 -3.6 —0.88 —54 1.4 —0.97 —1.4 
CO2 Dooh 0.17 0.085 0.30 —0.47 —0.08 —1.6 045 —2.4 —1.6 
CS» Dooh 0.08 0.05 0.19 —0.13 0.02 —0.64 0.1 —0.61 —0.83 
COS Coov 0.11 0.06 0.26 —0.50 0.02 14 0.1 0.28 0.91 
HCN Coov 0.26 0.09 043 —0.88 —0.33 6.5 0.31 1.3 24 
N20 Coov 0.28 0.07 0.16 —0.65 —0.02 1.9 0.06 3.4 1.8 


group Cooy means complete axial symmetry of a molecule and sym- 
metry with respect to reflection in any plane passing through the axis. 
This group of symmetry (Coy) describes linear triatomic molecules 
like COS or NoO with different atoms from both sides of the cen- 
tral atom. The group of symmetry Czy describes different nonlinear 
molecules such as H2O or NO» with identical atoms on both sides of 
the central atom. 


2. The group Cnn includes an nth-order axis of symmetry (which means 
symmetry with respect to rotation on angle 2x/n around the axis) 
and a plane of symmetry perpendicular to the axis. Similar to above, 
a subscript “h” in the symbol Cnn of the group reminds that the plane 
of symmetry is horizontal. In the simplest case of n = 1, the group 
Cnn is usually denoted as Cs. The symmetry group Cs includes only 
symmetry with respect to plane of a molecule. This group describes 
nonlinear molecules like HDO, which are actually not symmetrical. 


3. The group Dy, includes an nth-order principal axis of symmetry 
(which means symmetry with respect to rotation on angle 2n/n 
around the axis) and n second order axes crossing at angle 1 /n and all 
perpendicular to the principal one. It also includes n vertical symme- 
try planes passing through the principal axis and a second order one, 
and a horizontal symmetry plane containing all the n second order 
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axes (this horizontal plane is the reason of “h” in subscript). In par- 
ticular, a group Doh means complete axial symmetry of a molecule, 
symmetry with respect to reflection in any plane passing through the 
axis as well as symmetry with respect to reflection in a plane perpen- 
dicular to the axis. This group (Doon) describes the most symmetrical 
linear triatomic molecules like CO2 or CS» with identical atoms on 
both sides of a central one. 


Triatomic molecules have altogether nine degrees of freedom, related to dif- 
ferent motions of their nuclei. In the general case of nonlinear molecules, these 
include three translational, three rotational, and three vibrational degrees 
of freedom. Linear triatomic molecules, however, have only two rotational 
degrees of freedom because of their axial symmetry (groups Cooy and Doon). 
For this reason they have four vibrational degrees of freedom (four vibra- 
tional modes), but two of them are actually degenerate. These degenerate 
vibrational modes have the same frequency, but two different polarization 
planes, both passing through the molecular axis and perpendicular to each 
other. In other words, we can say that the linear triatomic molecules have 
three vibrational modes, but one mode is doubly degenerate. As an exam- 
ple, a linear CO2 molecule (as well as all other molecules of symmetry group 
Don) has three normal vibrational modes illustrated in Figure 3.3: asymmet- 
ric valence vibration v3 (see Table 3.7), symmetric valence vibration vı and a 
doubly degenerate symmetric deformation vibration v2. It should be noted 
that in CO2 molecules (vı ~% 2v2) resonance occurs between the two different 
types of symmetric vibrations (see Table 3.7). For this reason, in plasma chem- 
ical calculations, symmetric modes are sometimes taken for simplicity as one 
triple degenerate vibration. The degenerate symmetric deformation vibra- 
tions v2 can be polarized in two perpendicular planes (see Figure 3.3), which 
can result after summation in quasi-rotation of the linear molecule around its 
principal axis. The angular momentum of the quasi-rotation is characterized 


^ Z 
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FIGURE 3.3 
Illustration of vibrational modes of CO). 
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by the special quantum number l2, which assumes the values: 
h =v, v2 -2, vo —4,...,1 or 0, (3.2.10) 


where v2 is number of quanta on the degenerate mode. A level of vibra- 
tional excitation of the linear triatomic molecule can then be denoted as 
CO2(v1, ve, v3). For example, in CO2(0, pie 0), only symmetric deformation 
vibrations are excited with effective “circular” polarization. 

The relation for vibrational energy of the linear triatomic molecules at the 
relatively low excitation levels issomewhat similar to formula (Equation 3.2.9) 
for nonlinear molecules. However, it obviously includes also the quantum 
number l2 and correspondent coefficient g22, which describe the polarization 
of the doubly degenerate symmetric deformation vibrations: 


1 1 
Ey (v1, 02,3) = hoy (»: + z) + hw2(v2 + 1) + hos (vs + z) 


+xul vitz] +222(v2 +1) + goals + x33) v3 + = 


2 2 
+ TE + z) (vo +1)+ aafo a z) ( + z) 
2 2 2 
+ xX23(V2 + (v + z) F (3.2.11) 


3.2.5 Highly Vibrationally Excited Polyatomic Molecules: Vibrational 
Quasi-Continuum 


An example of this case is the vibrational excitation of CO2 molecules to the 
level of their dissociation in nonthermal discharges (Rusanov et al., 1981). 
Plasma electrons at an electron temperature 1-2 eV excite mostly the lower 
vibrational levels of CO2, and predominantly the asymmetric valence mode 
of the vibrations. The population of highly excited states, usually involved in 
plasma chemical reactions, occurs in the course of VV-relaxation (resonance 
or close to resonance intermolecular exchange of vibrational energy). At low 
levels of vibrational excitation, the VV-exchange occurs independently along 
the different modes. The asymmetric modes of CO? are, however, better pop- 
ulated in plasma because they have higher rates of excitation by electron 
impact, higher rates of the VV-exchange, and lower rates of VT-relaxation 
(quantum losses to the translational degrees of freedom). But as the level of 
excitation increases, the vibrations of different types are collisionlessly mixed 
due to the intermode anharmonicity (Equation 3.2.11) and the Coriolis inter- 
action. The intramolecular VV’ quantum exchange results in the vibrational 
quasi-continuum of the highly excited states of CO2 molecules. Shchuryak 
(1976) proposed the classical description of the transition in terms of beating. 
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Energy of the asymmetric mode changes in the course of beating correspond- 
ing to its interaction with symmetric modes (v3 > vı + v2), and as a result, 
the effective frequency of this oscillation mode changes as well: 


Aas © (x3303)'/9 (Agwsitsym)”?. (3.2.12) 


Here Ag ~ 0.03 is a dimensionless characteristic of the interaction between 
modes (v3 > vı + v2), and sym is the total number of quanta on the sym- 
metric modes (vı and v2), assuming quasi-equilibrium between modes inside 
of a CO2 molecule. As level of excitation nsym increases, the value of Aws 
grows and at a certain critical number of quanta 15), it covers the defect of 
resonance Aw of the asymmetric-to-symmetric quantum transition: 


1 Aw\>/? 
NS RE (=) , (3.2.13) 
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When the number of quanta exceeds the critical value (Equation 3.2.13), 
in fulfilment of the so-called Chirikov stochasticity criterion (Zaslavskii and 
Chirikov, 1971), the motion becomes quasi-random, and the modes become 
mixed in the vibrational quasi-continuum. For the general case of polyatomic 
molecules, the critical excitation level n“ decreases with the number N of 
vibrational modes: n™ ~ 100/N°%. This means that for molecules with four 
and more atoms, the transition to the vibrational quasi-continuum takes place 
at a quite low level of excitation. The polyatomic molecules in the state of 
vibrational quasi-continuum can be considered as an infinitely high number 
of small oscillators. These oscillators can be characterized by the distribu- 
tion function of the squares of their amplitudes I(w), which is actually the 
vibrational Fourier spectrum of the system (Fridman et al., 1986). In this case: 


E 
I(w)hdw = ai (3.2.14) 
(6) 


is an adiabatic invariant (shortened action) for oscillators with energy dE 
in the frequency range from w to w + Aw and, according to the correspon- 
dence principle, is an analog of the number of quanta for these oscillators. 
If a polyatomic molecule is simulated by a set of harmonic oscillators with 
vibrational frequencies wo; and quantum numbers nj, then the vibrational 
Fourier spectrum I(w) of the system can be presented as a following sum of 
8-functions: 


Iœ) = > nilo — oi). (3.2.15) 


Anharmonicity and interaction between modes causes the vibrational 
spectrum I(w) to differ from Equation 3.2.15 in two basic ways. First, the 
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anharmonicity can be considered as a shift of the fundamental vibration 
frequencies: 


O{(Ni) = woi — 2W0iX0iNi, (3.2.16) 
1 jN nj 

Xo = 5 MHA + B=. (3.2.17) 
j=l 


In these relations, Xij are the anharmonicity coefficients, N is the number 
of vibrational modes, 8, is the Kronecker $-symbol. Secondly, the energy 
exchange between modes with characteristic frequency 8; leads to a broad- 
ening of the vibrational spectrum lines (Platonenko and Sukhareva, 1980; 
Makarov and Tyakht, 1982), which can be described by the Lorentz profile: 


1 njd; 
Iw) = .2.1 
oeg 2 [o — œ; (ni)? + 87 oe 
When the third-order resonances prevail in the intermode exchange of 
vibrational energy (similar to the earlier case of CO2-molecules), the fre- 
quency ô; is growing with growth of vibrational energy as 8; ~ E9/2, In the 
case of CO,, the frequency ô; can be simply estimated by the intermode anhar- 
monicity 8 © x23/13Msym/h. It should be mentioned that with the growth of 
the number of atoms in a molecule, the vibrational energy of transition to 
the quasi-continuum decreases (see discussion after Equation 3.2.13) and the 
line width at a fixed energy increases. It is also important to point out that 
the energy exchange frequency ô (at least for molecules like CO2 and not 
the highest excitation levels) is less than the difference in fundamental fre- 
quencies. This means that in spite of rapid mixing, the modes in vibrational 
quasi-continuum still keep their individuality. 


3.2.6 Rotationally Excited Molecules 


The rotational energy of a diatomic molecule with a fixed distance ro between 
nuclei can be found from the Schroedinger equation as a function of the 
rotational quantum number: 


2 
E, = “1d +1) =BJJ+D. (3.2.19) 


Here B is the rotational constant, I = [M,M2/(M, + M2)Ir5 is the momen- 
tum of inertia of the diatomic molecule with mass of nuclei Mı and M2. 
This relation can be generalized to the case of polyatomic molecules taking 
into consideration rotation around different principal axes according to corre- 
sponding type of symmetry (see Table 3.7). For example, the linear triatomic 
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TABLE 3.8 


Rotational Constants Be and de for a Ground State 
of Different Molecules 


Molecule Be (1074 eV) oe (1077 eV) 
CO 2.39 21.7 
H2 75.5 3796 
Fp 1.09 — 
NO 2.11 22.1 
OH 23.4 885 
CO2 0.484 — 
HCN 1.84 — 
COS 0.252 — 
H2S A:12.9; B:11.1; C:5.87 — 
O3 A:4.40; B:0.55; C:0.48 — 
HF 26.0 987 
HCl 12.9 381 
N2 2.48 21.5 
O2 1.79 19.7 
NH 20.7 804 
CS) 0.135 — 
N20 0.520 — 
H20 A:34.6; B:18.0; C:11.5 — 
NO) A:9.92; B:0.53; C:0.51 — 
SO2 A:2.52; B:0.42; C:0.36 — 


Note: Symbols A, B, and C denote different rotational modes 
in nonlinear triatomic molecules. 


molecules with the symmetry group Dah or Cooy (like CO2 or N20) have 
only one rotational constant B (because they have two rotational degrees of 
freedom with the same momentum of inertia). Alternately, the nonlinear tri- 
atomic molecules, like H20 or H25, have three rotational degrees of freedom 
with different values of momentum of inertia and the rotational constants (see 
Table 3.8). The momentum of inertia and hence the correct rotational constant 
B are sensitive to a change of the distance ro between nuclei during vibration 
of a molecule. As a result, the rotational constant B, which has to be used 
in Equation 3.2.19 for diatomic molecules, decreases with the growth of the 
vibrational quantum number: 


1 
B = Be — ae( + z) (3.2.20) 


In this relation, Be is the rotational constant corresponding to the zero- 
vibration level and usually is presented in tables and handbooks (the subscript 


“oy 


e” stands here for equilibrium). Another molecular constant de is very 
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small compared to Be and describes the influence of molecular vibration on 
the momentum of inertia and rotational constant. Let us estimate a typical 
numerical value of rotational constant and hence a characteristic value of the 
rotational energy. As discussed in Section 3.2.2, the value of a vibrational quan- 
tum is typically ./m/M ~ 100, less than the characteristic electronic energy, 
because a vibrational quantum is proportional to 


1 ( 1 1 ) 
w xX x A 
VM vI JM 
where M is a typical mass of heavy particles, and m is an electron mass. In 
a similar way, the values of rotational constant B and rotational energy are 


proportional to 
1 1 1 
ae ee 
al ie Ae a) 


This means that the value of the rotational constant is typically /m/M ~ 100, 
less than the value of a vibrational quantum (which is about 0.1 eV) and 
numerically is about 10-3 eV (or even 1074 eV). These rotational energies 
in temperature units (1eV = 11,600 K) correspond to about 1-10 K; that is 
the reason why molecular rotation levels are already well populated even at 
room temperature (in contrast to molecular vibrations). The actual values of 
the rotational constants Be and ae for some diatomic and triatomic molecules 
are presented in Table 3.8. 

The selection rules for rotational transition in molecular spectra require 
AJ = —1, 0, or +1, taking into account that transitions from J = 0 to J = 0 are 
not allowed (the different possibilities of coupling, which is usually under 
detailed consideration in molecular spectroscopy are not discussed here). 
Since collisional processes also prefer a transfer of the only rotational quan- 
tum (if any), it will be examined in some more detail. As seen from relation 
(Equation 3.2.19), the energy levels in the rotational spectrum of amolecule are 
not equidistant. For this reason, the rotational quantum, which is an energy 
distance between the consequent rotational levels, is not a constant. In con- 
trast to the case of molecular vibrations, the rotational quantum is growing 
with the increase of quantum number J and hence with the growth of rota- 
tional energy of a molecule. The value of the rotational quantum (in the 
simplest case of fixed distance between nuclei) can be easily found from 
Equation 3.2.19: 


h2 
EJ +1) = Er) = 320 +1) = 2BU + 0). (3.2.21) 


The typical value of rotational constant is 10-3-10-* eV, which means 
that at room temperature, the quantum number J is about 10. As a result 
in this case, even the largest rotational quantum is relatively small, about 
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5 x 1073 eV. In contrast to the vibrational quantum, the rotational quan- 
tum corresponds to low values of the Massey parameter (Equation 2.2.27) 
Pma = AE/hav = w/av even at low gas temperatures. This means that the 
energy exchange between rotational and translational degrees of freedom 
is a fast nonadiabatic process (see Section 2.2.7). As a result, the rotational 
temperature of molecular gas in plasma is usually very close to the trans- 
lational temperature even in nonequilibrium discharges, while vibrational 
temperatures can be significantly higher. 


3.3 Elementary Processes of Vibrational, Rotational, 
and Electronic Excitation of Molecules in Plasma 


3.3.1 Vibrational Excitation of Molecules by Electron Impact 


Vibrational excitation is one of the most important elementary processes in 
nonthermal molecular plasma. It is responsible for the major portion of energy 
exchange between electrons and molecules, and contributes significantly in 
the kinetics of nonequilibrium chemical processes. The elastic collisions of 
electrons and molecules are not effective in the process of vibrational excita- 
tion because of the significant difference in their masses (m/M <« 1). Typical 
energy transfer from an electron with kinetic energy ¢ to a molecule in the 
elastic collision is about e(m/M); vibrational quantum was discussed in the 
previous section: hw ~ 1,/m/M. The classical cross section of the vibrational 
excitation in an elastic electron—molecular collision can be estimated as 


e€ im 


geeste 

In this relation o9 ~ 10716 cm? is the gas-kinetic cross section, I is the ioniza- 
tion potential. This gives numerical values of the cross section of vibrational 
excitation ~10~!° cm? for electron energies about 1 eV. Quantum mechanical 
calculations of the vibrational excitation in elastic scattering result in a sim- 
ilar expression with the selection rule Av = 1. However, experiments show 
that the vibrational excitation cross sections can be much larger, for example, 
about the same as atomic excitation (10~!°cm?). Also these cross sections are 
nonmonotonic functions of energy and the probability of multiquantum exci- 
tation is not very low. Schultz (1976) presented a detailed review of these cross 
sections. This information indicates that vibrational excitation of a molecule 
AB from vibrational level vı to v2 is usually not a direct elastic process, but 
rather a resonant process, preceding through formation of an intermediate 
nonstable negative ion: 


ABQ) +e 222 AB 0i) —3 AB(v2) +e. (3.3.2) 
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In this relation, vj is the vibrational quantum number of the nonstable 
negative ion, lag (measured in s71) are the probabilities of corresponding 
transitions between different vibrational states. Cross sections of the res- 
onance vibrational excitation process (Equation 3.3.2) can be found in the 
quasi-steady-state approximation using the Breit-Wigner formula: 


nh? gap- Milig 
2me QABQe (1/h2)(e — AE1i)2 + De 


012(Vj,£) = (3.3.3) 


Here e is the electron energy, AE}; is energy of transition to the interme- 
diate state AB(v;) > AB’ (vi); Zap, SAB, and ge are corresponding statistical 
weights; T; is the total probability of AB- (vi) decay through all channels. 
Equation 3.3.3 illustrates the resonance structure of vibrational excitation 
cross section dependency upon electron energy. The energy width of the res- 
onance spikes in this function is ATi, which is related to the lifetime of the 
nonstable, intermediate, negative ion AB~ (vi). The maximum value of the 
cross section Equation 3.3.3 is approximately the atomic value (10716 cm?). 
Consider separately the three cases corresponding to different lifetimes of the 
intermediate ionic states (the so-called “resonances”). 


3.3.2 Lifetime of Intermediate lonic States during the 
Vibrational Excitation 


First, consider the so-called short-lifetime resonances. In this case, the life- 
time of the auto-ionization states AB~(v;) is much shorter than the period 
of oscillation of a molecule’s nuclei (t « 10714 s). The energy width of the 
auto-ionization level ~AT; is very large for the short-lifetime resonances in 
accordance with the uncertainty principle. This results in relatively wide 
maximum spikes (usually several electronvolts) in the dependence of the 
vibrational excitation cross section on electron energy. There is no fine energy 
structure of 012(£) in this case, which can be seen in Figure 3.4. Because of the 
short lifetime of the auto-ionization state AB- (vi), displacement of nuclei dur- 
ing the lifetime period is small. As a result, decay of the nonstable, negative 
ion leads to excitation mostly to low vibrational levels. Vibrational excitation 
through intermediate formation of the short-lifetime resonances is observed 
in particular in such molecules as H2, N2O, and H20. Electron energies corre- 
sponding to the most effective vibrational excitation of these molecules as well 
as the maximum cross sections of the process are presented in Table 3.9. The 
cross sections of the lowest resonances are presented in this table; after inte- 
gration over electron energy distribution function these usually contribute 
most to the vibrational excitation rate coefficient. 

If an intermediate ion lifetime is approximately a molecular oscillation 
period (~10714 s), such a resonance is usually referred to as “the boomerang 
resonance.” In particular, this boomerang type of vibrational excitation takes 
place for low energy resonances in N2, CO, and CO2. The boomerang model, 


96 Plasma Physics and Engineering 


(b) 6, 107! cm? 


(a) oO, cm? 

10-17 L 2L vA 

10718 1F 
0 

1071? v=3 
1 Ea 

1072? 1 1 1 1 1 0 1 

0 2 4 6 8 10 geV 2 3 g, eV 


(c)  Oqip cm?/steradian 
6 


4 6 8 10 12 £ eV 


FIGURE 3.4 

Cross sections of vibrational excitation as a function of electron energy. (a) Short-lifetime reso- 
nances (H3, v = 1,2,3). (b) Boomerang resonances (No, v = 1,2,3). (c) Long-lifetime resonances 
(Oz, v = 1,2,3). 


developed by Herzenberg (1968), considers formation and decay of the neg- 
ative ion during one oscillation as interference only of the incoming and 
reflected waves. The interference of the nuclear wave packages result in 
an oscillating dependence of excitation cross section on the electron energy 
with typical spikes period about 0.3 eV (see Figure 3.4 and Table 3.9). The 
boomerang resonances require usually larger electron energies for excitation 
of higher vibrational levels. For example, the excitation threshold of N2 (v = 1) 
is 1.9 eV, and that of N2 (v = 10) from ground state is about 3 eV. Excitation of 
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TABLE 3.9 
Cross Sections of Vibrational Excitation of Molecules by Electron Impact 
Most Effective Maximum Cross 
Molecule Electron Energy (eV) Section (cm?) 
No 1.7-3.5 3 x 10716 
co 1.2-3.0 3.5 x 10716 
CO» 3-5 2 x 10716 
C2H4 1.5-2.3 2 x 10716 
Hz ~3 4x 107!” 
N20 2-3 10717 
H2O 5-10 6 x 10717 
H2S 2-3 = 
Op 0.1-1.5 10717 
NO 0-1 10717 
NO, 0-1 -r 
SO, 3—4 — 
C6H6 1.0-1.6 = 
CH4 Threshold 0.1 10716 
C2H6 Threshold 0.1 2x 10716 
C3Hg Threshold 0.1 3 x 10716 
Cyclopropane Threshold 0.1 2 x 10716 
HCl 2-4 10715 


CO(v = 1) requires a minimal electron energy of 1.6 eV, while the threshold for 
CO(v = 10) excitation from the ground state is about 2.5 eV. The maximum 
value of the vibrational excitation cross section for boomerang resonances 
usually decreases with growth in the vibrational quantum number v. 

The long-lifetime resonances corresponds to auto-ionization states AB™ (vi) 
with much longer lifetime (t = 10~—107!), than a period of oscillation of 
the nuclei in a molecule. In particular, this type of vibrational excitation takes 
place for low energy resonances in such molecules as O2, NO, and C6H6. These 
resonances usually result in quite narrow isolated spikes (about 0.1 eV) in 
cross-section dependence on electron energy (see Figure 3.4 and Table 3.9). In 
contrast to the boomerang resonances, the maximum value of the vibrational 
excitation cross section remains the same for different vibrational quantum 
numbers. 


3.3.3 Rate Coefficients of Vibrational Excitation by Electron Impact: 
Semi-Empirical Fridman’s Approximation 


As seen from Table 3.9, the electron energies most effective in vibrational 
excitation are 1-3 eV, which usually corresponds to the maximum in the elec- 
tron energy distribution function. The vibrational excitation rate coefficients, 
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TABLE 3.10 
Rate Coefficients of Vibrational Excitation of Molecules by Electron 
Impact 

Rate Coefficients (cm/s) 
Molecule Te = 0.5 eV Te = 1.0 eV Te = 2.0 eV 
H2 2.2 x 10710 2.5 x 10710 0.7 x 107°? 
Do — = 107° 
N2 2 x 1071 4 x 107? 3 x 1078 
Oo — = 10710-1079 
co = = 1077 
NO = 3 x 10-10 = 
CO? 3 x 107°? 1078 3 x 1078 
NO, — — 10710-1079 
H2O — — 10710 
C2H4 — 1078 — 


which are the results of integration of the cross sections over the electron 
energy distribution function, are obviously very large and reach 1077 cm/s 
in this case. Such rate coefficients are given in Table 3.10 for different diatomic 
or polyatomic molecules and for different electron temperatures Te. The exci- 
tation rate coefficients are quite large. For molecules such as N2, CO, and 
CO2, almost each electron-molecular collision leads to vibrational excitation at 
Te = 2eV. This explains why such a large fraction of electron energy from non- 
thermal discharges in several gases goes mostly into the vibrational excitation 
at electron temperatures Te = 1—3 eV. 

Vibrational excitation by electron impact is preferably a one-quantum pro- 
cess. Nevertheless, excitation rates of multiquantum vibrational excitation can 
also be important. Detailed kinetic information about electron impact exci- 
tation rate coefficients key(v1, v2) for excitation of molecules from an initial 
vibrational level vı to a final level v2 is very important in numerous plasma 
chemical and laser problems. The semi-empirical Fridman’s approximation 
for multiquantum vibrational excitation can be very useful. It was first applied 
for different diatomic and polyatomic gases by Rusanov et al. (1981) and 
Rusanov and Fridman (1984). The approach permits to find the excitation 
rate key(v1, v2) based on the much better known vibrational excitation rate 
coefficient key(0,1) corresponding to the excitation from the ground state to 
the first vibrational level (see Table 3.10): 


exp[—a(v2 — vı — 1)] 


k =k ,1 
ev (v1, V2) = key (0,1) 14+ Bv 


(3.3.4) 


Parameters a and $ for different gases necessary for numerical calculations 
based on Equation 3.3.4 are summarized in Table 3.11. The approximate nature 
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TABLE 3.11 


Parameters of the Multiquantum Vibrational 
Excitation by Electron Impact 


Molecule a B 

No 0.7 0.05 
CO 0.6 — 
COz(v3) 0.5 2 
H2 3 = 
O2 0.7 — 
NO 0.7 — 


of the approach must be stressed. Thus, sometimes in practical plasma chem- 
ical modeling, it is helpful to consider the parameters a and ß as functions 
of electron temperature. Also in nonthermal discharges, the non-Maxwellian 
behavior of the electron energy distribution function should be taken into 
account to modify Equation 3.3.4. 


3.3.4 Rotational Excitation of Molecules by Electron Impact 


If electron energies exceed the values about 1 eV (see Table 3.9), the rotational 
excitation can proceed resonantly through the auto-ionization state of a nega- 
tive ion as in the case of vibrational excitation. However, the relative contribu- 
tion of this multistage rotational excitation is small, considering the low value 
of rotational quantum with respect to the vibrational one. The rotational exci- 
tation can be relatively important in electron energy balances at lower electron 
energies, when the resonant vibrational excitation is already ineffective, but 
rotational transitions are still possible by long-distance electron—molecular 
interaction. The nonresonant rotational excitation of molecules by electron 
impact can be illustrated using the classical approach. Typical energy trans- 
fer from an electron with kinetic energy ¢ to a molecule in an elastic collision, 
inducing rotational excitation, is about e(m/M). Typical distance between rota- 
tional levels, rotational quantum is I(m/ M), where | is the ionization potential. 
Thus, the classical cross section of the nonresonant rotational excitation can 


be related to the gas-kinetic collisional cross section with o9 ~ 10716 cm? in 
the following manner: 
lastic y «© 
tolationál = o7: (3.3.5) 


Comparing this relation with Equation 3.3.1, it is seen that the cross section 
of the nonresonant rotational excitation can exceed that of nonresonant vibra- 
tional excitation by a factor of 100. A quantum mechanical approach leads to 
similar results and conclusions. An electron collision with a dipole molecule 
induces the rotational transitions with a change of the rotational quantum 
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number AJ = 1. Quantum mechanical cross sections of rotational excitation 
of a linear dipole molecule by a low energy electron can be then calculated as 
(Crowford, 1967): 


do J+1 yet vE 
3eqaoe 2J +1 /e— Ve 


oJ >J+1.)= (3.3.6) 


In this relation, d is a dipole moment, ag is the Bohr radius, e’ = £ — 2B(J + 1) 
is the electron energy after collision, B is the rotational constant (see Table 3.8). 
Numerically, this cross section is approximately 1—3 x 10716 cm? when the 
electron energy is about 0.1 eV. Homonuclear molecules such as N2 or H2, 
have no dipole moment, and any rotational excitation of such molecules is 
due to electron interaction with their quadrupole moment Q. In this case, 
the rotational transition takes place with the change of rotational quantum 
number AJ = 2. The cross section of the rotational excitation by a low energy 
electron is obviously lower in this case and can be calculated as (Gerjoy, Stein, 
1955): 


oJ > J+2,8) = 


8nQ? (J +1)(J +2) in, [5 837) 


15¢2a3 (2J + DJ + 3) 


Numerically, this cross section of rotational excitation of the homonuclear 
molecules by electron impactis usually the order of 1—3 x 10717 cm? when the 
electron energy is about 0.1 eV. To evaluate the elastic or “quasi-elastic” energy 
transfer from the electron gas to neutral molecules, the rotational excitation 
can be taken into account combined together with the elastic collisions. The 
process is then characterized by the gas-kinetic rate coefficient keo © o0(Ve) © 
3 x 10-8cm? s71, where (ve) is the average thermal velocity of electrons and 
each collision is considered as a loss of about (m/M) of electron energy. 


3.3.5 Electronic Excitation of Atoms and Molecules by Electron Impact 


In contrast to the vibrational and rotational excitation processes discussed 
above, the electronic excitation by electron impact needs usually large electron 
energies (e > 10eV). The Born Approximation can be applied to calculate 
the processes’ cross sections when electron energies are large enough. For 
excitation of optically permitted transitions from an atomic state “i” to another 
state “k,” the Born approximation gives the following process cross section: 


Ry XY AE; £ 
oile) = anafu > -) —~ In (3.3.8) 
L L 


In this relation, Ry is the Rydberg constant, ao is the Bohr radius, fix is the 
force of oscillator for the transition i —> k, AE; is energy of the transition. The 
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relation is valid in the framework of the Born approximation, for example, 
for high electron energies £ >> AEjx. The cross sections of electronic excitation 
of molecules by electron impact should be known for practical calculations 
and modeling in a wide range of electron energies, starting from threshold 
of the process. In this case, semi-empirical formulas can be very useful; two 
important ones were introduced by Drawin (1968, 1969): 


2—1 
x2 


R 
oig(e) = Ara? fig (=) In(2.5x) (3.3.9) 


and by Smirnov (1968): 


Ry In(0.1x + 0.9) (33.10) 


oik(€) = anafu AEk x07 

In the both relations x = s/ AE. Obviously, the semi-empirical formulas 
correspond to the Born Approximation at high electron energies (x > 1). 
Electronic excitation of molecules to the optically permitted states follows 
relations similar to Equations 3.3.8 through 3.3.10, but additionally include the 
Frank—Condon factors (see Section 2.2.3) and internuclear distances. Numer- 
ically, the maximum values of cross sections for excitation of all optically 
permitted transitions are about the size of atomic gas-kinetic cross sections, 
oo ~ 10716 cm?. To reach the maximum cross section of the electronic exci- 
tation, the electron energy should be greater than the transition energy AE; 
by a factor of two. The dependence ojx(¢) is quite different for the excitation 
of electronic terms from which optical transitions (radiation) are forbidden 
by selection rules (see Section 3.1). In this case, the exchange-interaction and 
details of electron shell structure become important. As a result, the maximum 
cross section, which is also about the size of the atomic one, o9 ~ 10716 cm?2, 
can be reached at much lower electron energies ¢/AEj ~ 1.2—1.6. This leads to 
an effect of predominant excitation of the optically forbidden and metastable 
states by electron impact in nonthermal discharges, where electron tempera- 
ture Te is usually much less than the transition energy AE. Obviously, this 
effect requires availability of the optically forbidden and metastable states at 
relatively low energies. Some cross sections of electronic excitation by elec- 
tron impact are presented in Figure 3.5. Detailed information on the subject 
can be found in the monograph by Slovetsky (1980). 


3.3.6 Rate Coefficients of Electronic Excitation in Plasma 
by Electron Impact 


The rate coefficients of the electronic excitation can be calculated by integra- 
tion of the cross sections oj, (¢) over the electron energy distribution functions, 
which in the simplest case are Maxwellian. Because electron temperature is 
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FIGURE 3.5 
Cross section of excitation of different electronic states of No (x! z, v = 0) by electron impact. 


(1) a! Mg; (2) b! My (vg = 0 — 4); (3) transitions 12.96 eV, (4) B°Mg, (5) C? Tlu, (6) a" 1 EF, (7) BEL, 
(8) EDF. 


usually less than the electronic transition energy (Te « AEjx), the rate coef- 
ficient of the process is exponential in the same manner as was the case of 
ionization by direct electron impact: 


AE; 
Kel.excit. X EXP (- T k ) ; (3.3.11) 
e 


For numerical calculations and modeling it is convenient to use the semi- 
empirical relation between the electronic excitation rate coefficients and the 
reduced electric field E/ng (Kochetov et al., 1979). The same formula can be 
applied to calculate the ionization rate coefficient as well: 


log kel.excit. = —C1 — (3.3.12) 


E/no` 


Here, the rate coefficient kel.excit. is expressed in cm/s; Eis an electric field in 
V/cm; no is number density in cm~’. The numerical values of the parameters 
Cı and C3 for different electronically excited states (and also ionization) of 
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TABLE 3.12 


Parameters for Semi-Empirical Approximation of Rate Coefficients of 
Electronic Excitation and Ionization of CO and No by Electron Impact 


Excitation Level 


Molecule or Ionization Cy C2 x 1016 (V x cm?) 
No AEE 8.04 16.87 
N2 BŠTIg 8.00 17.35 
No WeAn 8.21 19.2 
No Bex, 8.69 20.1 
No dtS. 8.65 20.87 
N2 a! Tig 8.29 21.2 
No WlAy 8.67 20.85 
No Cry 8.09 25.5 
No Ea 9.65 23.53 
No alae 8.88 26.5 
No boy 8.50 31.88 
No cat 8.56 35.6 
No cy 8.85 34.0 
No any 9.65 35.2 
No boat 8.44 33.4 
No ony 8.60 35.4 
No Poy 9.30 32.9 
N2 Ionization 8.12 40.6 
CO, 35t 8.50 10.7 
CO ty 8.68 13.2 
CO2 pur 8.84 14.8 
CO? 1x 8.23 18.9 
CO7 Other levels 8.34 20.9 
CO7 Ionization 8.38 25.5 


CO2 and N2 are presented in Table 3.12. Equation 3.3.12 implies that the 
electron energy distribution function is not disturbed by vibrational excitation 
of molecule in plasma. If the level of vibrational excitation of molecules is 
quite high, superelastic collisions provide higher electron energies and higher 
electronic excitation rate coefficients for the same value of the reduced electric 
field E/no. It can be taken into account for calculating the electronic excitation 
rate coefficients by including in Equation 3.3.12 two special numerical terms 
related to vibrational temperature Ty: 


Co 40z + 132? Ty Nee 
Ig kelexcit, = —C 0.02 8i 
S felere 1— Eno | [Œ/n) x 107 (sa) ee) 
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Here, the vibrational temperature Ty is in degree Kelvin. The Boltzman 
factor z is 


Z= exp(-7) ; (3.3.14) 


Equations 3.3.13 and 3.3.14 give a good approximation (accuracy about 
20%) for the electronic excitation rate coefficients with reduced electric fields 
5 x 10716 V cm? < E/no < 30 x 10716 V cm? and vibrational temperatures 
less than 9000 K. At low vibrational temperatures z « 1 and Equation 3.3.13 
obviously coincides with the simplified numerical formula Equation 3.3.12. 


3.3.7 Dissociation of Molecules by Direct Electron Impact 


Electron impacts are able to stimulate dissociation of molecules by both vibra- 
tional and electronic excitation. Vibrational excitation by electron impact, 
however, usually results in initial formation of molecules with only one or 
few quanta. Dissociation takes place in this case as a nondirect multistep pro- 
cess, including energy exchange (VV-relaxation) between molecules to collect 
an amount of vibrational energy sufficient for dissociation. Such processes 
are effective only for a limited (but very important) group of gases such as 
No, CO», H3, and CO and will be discussed in Section 5.6. In contrast, the 
dissociation through electronic excitation of molecules can proceed in just 
one collision; therefore, it is referred as stimulated by direct electron impact. 
The dissociation through electronic excitation can be observed with any 
kind of diatomic and polyatomic molecules making this process specifically 
important in many plasma-chemical applications. The dissociation through 
electronic excitation can proceed as an elementary process by different mech- 
anisms or through different intermediate steps of intramolecular transitions. 
All these mechanisms are illustrated in Figure 3.6. 


e Mechanism A begins with the direct electronic excitation of a 
molecule from ground state to a repulsive state followed by disso- 
ciation. In this case, the required electron energy can significantly 
(few electronvolts) exceed the dissociation energy. This mechanism 
generates hot (high energy) neutral fragments, which, for exam- 
ple, could affect surface chemistry in low-pressure nonthermal 
discharges. 


e Mechanism B includes the direct electronic excitation of a molecule 
from the ground state to an attractive state with energy exceeding 
the dissociation threshold. The excitation results in the following 
dissociation. As seen from Figure 3.6, the energy of the dissociation 
fragments are lower in this case. 
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FIGURE 3.6 
Mechanism of dissociation of molecules through electronic excitation. 


e Mechanism C consists of direct electronic excitation of a molecule from 
ground state to an attractive state corresponding to electronically 
excited dissociation products. The excitation of the state can lead to 
radiative transition to a low-energy repulsive state (see Figure 3.6) 
followed by dissociation. Energy of the dissociation fragments in this 
case is similar to those of mechanism A. 


e Mechanism D (similarly to mechanism C) starts with the direct elec- 
tronic excitation of a molecule from ground state to an attractive state 
corresponding to electronically excited dissociation products. In con- 
trast to the previous case, excitation of the state leads to nonradiative 
transfer to a highly excited repulsive state (see Figure 3.6) followed by 
dissociation into electronically excited fragments. This mechanism is 
usually referred to as predissociation. 


e Mechanism E is similar to mechanism A and consists in direct elec- 
tronic excitation of a molecule from ground state to a repulsive 
state, but with dissociation into electronically excited fragments. 
This mechanism requires the largest values of electron energies, and 
therefore the corresponding rate coefficients are relatively low. 


Cross sections of the dissociation of different molecules by direct electron 
impact are presented as a function of electron energy in Figure 3.7. Some rate 
coefficients of the process are given in Figure 3.8 as a function of electron 
temperature. 
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FIGURE 3.7 
Cross sections of dissociation of molecules through electronic excitation as a function of electron 
energy. (1) CH3, (2) O2, (3) NO, (4) No, (5) CO», (6) CO, and (7) Hp. 


3.3.8 Distribution of Electron Energy in Nonthermal Discharges 
between Different Channels of Excitation and lonization 


Most of electron energy received from an electric field is distributed between 
elastic energy losses and different channels of excitation and ionization. Such 
distributions of electron energy in nonthermal discharges as a function of 
reduced electric field E/no in different atomic and molecular gases are pre- 
sented in Figures 3.9 through 3.16. The energy distributions between different 
excitation channels presented on these figures were calculated numerically. 
On the one hand, such self-consistent calculations take into account the influ- 
ence of different elastic, inelastic, and super-elastic collisions on electron 
energy distribution function f(e). On the other hand, this electron energy 
distribution function f (e) should then be applied to calculate the rate coeffi- 
cients of all the mentioned elastic, inelastic, and super-elastic processes. For 
example, electron excitation rate coefficients in Figures 3.15 and 3.16 were 
calculated in this quite sophisticated and self-consistent way. The energy dis- 
tributions between different excitation channels have similar general features. 
For example, contribution of rotational excitation of molecules and elastic 
energy losses is significant only at low values of the reduced electric field E/no, 
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FIGURE 3.8 
(1) Rate coefficients of stepwise Nz electronic state excitation. (2) Direct dissociation of initially 
non-excited molecules N2. (3) N? dissociation in stepwise electronic excitation sequence. 


and hence at low electron temperatures. This is expected since these processes 
are nonresonant and take place at low electron energies (<1 eV). At electron 
temperatures about 1 eV, which are very typical for nonthermal discharges, 
almost all electron energy and hence most of discharge power can be localized 
on vibrational excitation of molecules. This makes the process of vibra- 
tional excitation exceptionally important and special in the nonequilibrium 
plasma chemistry of molecular gases. Obviously, the contribution of electron 
attachment processes, including the dissociative attachment, can effectively 
compete with vibrational excitation at similar electron temperatures, but only 
in strongly electronegative gases. Finally, the contribution of electronic exci- 
tation and ionization becomes significant at higher values of E /no and higher 
electron temperatures, because of high-energy thresholds of these processes. 

The electron energy distributions between different excitation channels 
strongly depend on gas composition. For example, see Figures 3.11, 3.15, 3.16, 
the addition of CO to CO» changes the distribution of electron energy losses 
quite significantly. The carbon monoxide CO molecules have higher cross sec- 
tions of vibrational excitation than those of CO2, and therefore they decrease 
the fraction of high-energy electrons in the nonthermal discharge. Hence, the 
addition of CO to CO? results in a reduction of the electronic excitation and 
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Electron energy distribution between channels in Kr (5%)—Ar (95%) mixture. 


ionization rate coefficients and in the growth of energy going into vibrational 
excitation. Interestingly, the CO molecules are products of CO? dissociation, 
which can be effectively stimulated by vibrational excitation of the molecules 
in plasma. For this reason, the CO? dissociation in plasma, stimulated by 
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Fraction of electron energy spent on vibrational excitation of O2, NO, and Hp. 
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FIGURE 3.11 
Electron energy distribution between excitation channels in CO. 


vibrational excitation, can be considered as autocatalytic process, which can 
be accelerated by its own products. The influence of vibrational temperature 
on the electron energy distribution between different excitation channels can 
be illustrated using a distribution calculated for a nonthermal discharge in 
molecular nitrogen. Results of the calculations are presented in Figure 3.12. 
As can be seen from this figure, for higher values of vibrational temperatures, 
the concentration of the excited molecules is also high and the efficiency of 
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FIGURE 3.12 
Electron energy distribution between excitation channels in nitrogen. 
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FIGURE 3.13 
Electron energy distribution between excitation channels in water vapor. 


their further vibrational excitation is relatively lowered. This results in an 
increase in the fraction of high-energy electrons and hence in intensification 
of electronic excitation and ionization processes. In other words, the frac- 
tion of discharge energy going into the vibrational excitation of molecules 
at the same value of the reduced electric field is relatively larger when the 
vibrational temperatures are relatively lower. This effect can be observed in 
Figure 3.12. 
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FIGURE 3.14 
Electron energy distribution between excitation channels in air. 
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FIGURE 3.15 
Electron energy distribution in CO2 (50%)-CO(50%) mixture. 
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FIGURE 3.16 
Electron energy distribution between excitation channels in CO. 
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—————— 
3.4 Vibration (VT) Relaxation, Landau—Teller Formula 


3.4.1 Vibrational—Translational (VT) Relaxation: Slow Adiabatic 
Elementary Process 


This process is usually called vibrational relaxation or VT-relaxation. The 
main features of the VT-relaxation can be demonstrated in the framework of 
classical mechanics by considering collision of a classical harmonic oscillator 
with an atom or molecule. The oscillator is considered under the influence 
of an external force F(t), which represents the intermolecular collision (see 
Figure 3.17). The one-dimensional (1D) motion of the harmonic oscillator can 
then be described in the center of mass system by the Newton equation: 


oy wy = 1 bw. (3.4.1) 
Lo 


Here, y is deviation of vibrational coordinate from equilibrium, w is the 
oscillator frequency, po is its reduced mass. The oscillator is initially (t ~ —oo) 
not excited: 


y(t > —oo) =0, Ya > —oo) = 0. 


Then the vibrational energy transferred to the oscillator during the collision 
can be expressed as 


2 
_ Ho | (dy 22 
AE == (+4) rael | (3.4.2) 


In the model, the reverse influence of vibrationally excited molecule on 
“the external force F(t)” is neglected. This means that the collision part- 
ners are taken into account independently, and the same approach and the 
same expressions for AEy can be applied to describe also the reverse pro- 
cess of energy transfer from the preliminary excited oscillator to the external 
force, which is actually another atom or molecule (Nikitin, 1970; Gordietz 
et al., 1980). Calculate the energy transfer AEy by introducing instead of the 
vibrational variable y, a new complex variable §(t) = dy/dt + iwy. Then the 


F(t) 
OwO ©) 
FIGURE 3.17 


Illustration of the Landau—Teller effect. 
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oscillator energy transfer Equation 3.4.2 can be found as square of module of 
this variable: 


AEy = BO o: (3.4.3) 


To find the complex function &(t), the dynamic equation 3.4.1 can be 
rewritten in this case as a first-order equation: 


d/dy . ) : ( y. ) 1 dé 1 

—| — +iwy ] —iw| — +iwy) = —F(t); — —iw’ = —F (t). (3.4.4 
( y T di i ee 
Solution of the nonuniform linear differential equation with initial condi- 

tions given above v(t > —oo) = 0, and (dy/dt)(t — —oo) = 0 can easily be 

found as 


E(t) = exp(iwt) | =F) exp(—iot') dt’. (3.4.5) 
0 


Substituting the expression for &(t) into Equation 3.4.3, the energy transfer 
during the VT-relaxation is 


EI ; 
AEy = —— | F(t) exp(—iwt) dt (3.4.6) 
2mo 


This expression shows that the energy transferred from an oscillator (or to 
an oscillator) is determined by square of module of the Fourier component of 
the force F(t) on frequency w corresponding to that of the oscillator. In other 
words, only the usually small Fourier component of the perturbation force on 
the oscillator frequency is effective in collisional excitation (or deactivation) 
of vibrational degrees of freedom of molecules. A simple estimation of the 
integral can be found by considering time t as a complex variable (a trick 
successfully applied by Landau, see e.g., Landau, 1997), and supposing that 
F(t) > oo ina singularity point t = t+ iteco], where Teol = 1/av is the time of 
the collision, a is the reverse radius of interaction between molecules, v is a 
relative velocity of the colliding particles. The singularity t = t + it,o) can be 
considered as the closest one to the real axis. Then the integration of Equation 
3.4.6 can be accomplished by going around the singularity while shifting 
the integration line to the upper semi-plane. As the result of the integration, 
the vibrational energy transfer from (or to) a molecule during an elementary 
VT-relaxation process can be estimated as 


AEy & exp(—2@T¢9])- (3.4.7) 


This interesting and important relation (Landau and Teller, 1936) demon- 
strates the adiabatic behavior of the vibrational relaxation. Usually the Massey 
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parameter (see Section 2.2.7) at moderate gas temperatures is fairly high for 
molecular vibration wt¢o) >> 1, which explains the adiabatic behavior and 
results in the exponentially low vibrational energy transfer during the VT- 
relaxation. During the adiabatic collision, a molecule has sufficient time for 
many vibrations and the oscillator can actually be considered as “structure- 
less,” which explains the low level of the energy transfer. The exponentially 
low probability of the adiabatic VT-relaxation at low gas temperatures as well 
as the intensive vibrational excitation by electron impact is responsible for the 
unique role of vibrational excitation in plasma chemistry. Molecular vibra- 
tions for some gases such as N2, CO? are able “to trap” energy of nonthermal 
discharges; it is easy to activate them and is difficult to deactivate. 


3.4.2 Quantitative Relations for Probability of the Elementary Process 
of Adiabatic VT-Relaxation 


Equation 3.4.7 illustrates the adiabatic behavior of VT-relaxation. To make 
this formula quantitative, one can specify an interaction potential between a 
molecule BC with an atom A in the following exponential form: 


V(rap) = Cexp(—ar,,) = Cexp[—a(r — dy)]. (3.4.8) 


Here it is supposed that the interaction potential is mainly due to interac- 
tions between atoms A and B; r is the coordinate of relative motion of mass 
centers of A and BC; } = mc/(mg + mc); mg and mc are masses of the cor- 
responding atoms. Taking into account this interaction potential in the form 
(Equation 3.4.8) and integrating Equation 3.4.6 gives 


AE, = 


2 242 2 
eo exp( ze), (8.4.9) 


a?us av 


In this relation is a reduced mass of A and BC, uo is a reduced mass of the 
molecule BC. As can be seen, the exact relation (Equation 3.4.9) for vibrational 
energy transfer is in a good agreement with the qualitative expression (Equa- 
tion 3.4.7). Equation 3.4.9 is actually a classical one. However, if the quantum 
hw is the minimum value of vibrational energy transfer, then the probability 
of transfer of one quantum can be found based on Equation 3.4.9 as 


AE Zwou? 2 
PYT(y) = sige idl ( ze), (8.4.10) 


ho — ha uó av 

The reverse effect of the vibrationally excited molecule on the external force 
F(t) was neglected. Therefore, the probability equation 3.4.10 can describe 
both vibrational activation and deactivation. Quantum mechanics generalizes 


Equation 3.4.6 to describe probability PYT (v) of an oscillator transition from 
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an initial state with vibrational quantum number m to a final n. First-order 
perturbation theory gives 


+00 2 
2 
Pg = | FO expGonnt) at . (8.4.11) 


In this relation, Rmn = Em — En is the transition energy, (m ly|n)? is a matrix 
element corresponding to the eigenfunctions (m and n) of nonperturbed 
Hamiltonian of the oscillator. The integral equation 3.4.11 can be estimated in 
the same manner as Equation 3.4.6, which results in the following qualitative 
formula for the transition probability: 

PY) x (mly|n)? exp(—2 [omnl Teol). (3.4.12) 


n 


This formula as well as Equation 3.4.7 shows the adiabatic behavior of the 
vibrational relaxation. Using the specific potential (Equation 3.4.8), the inte- 
gration equation 3.4.11 gives the following quantum mechanical expression 
for probability of the transition: 


DDD £59 21 lo 

PYT (v) = OTM Sid mlyn) exp( -752ml (3.4.13) 

The quantum mechanical and classical expressions for probability of vibra- 
tional relaxation Equations 3.4.10 and 3.4.13 are similar, but the quantum 
mechanical expression additionally includes the square of the matrix ele- 
ments of relaxation transition. The matrix elements for harmonic oscillators 
(m|y|n) are nonzero only for transitions with n = m + 1. Then, as known from 
quantum mechanics (e.g., Landau, 1997): 


lh 
(lyn) = | = — (vmn m1 +/m+ TS yma): (3.4.14) 
[Low 


Here the symbol ð; = 1ifi = j,and 8; = Oif i 4 j. This means that according 
to Equations 3.4.13 and 3.4.14, only the one-quantum VT-relaxation processes 
are possible. However, taking into account the higher powers of y in expan- 
sion of V(r — dy) (see Equation 3.4.8), the multiquantum relaxation processes 
become possible, but obviously with lower probability. The multiquantum 
adiabatic VT-relaxation is also slow because of much larger values of the 
Massey parameters in the exponents Equations 3.4.12 and 3.4.13 in this case. 
Combining the quantum mechanical relations Equations 3.4.13 and 3.4.14 
gives an expression for the average collisional energy transfer of a quantum 
oscillator AE, = PYT (v)hw, which exactly coincides with corresponding rela- 
tion for a classical oscillator equation 3.4.9. This demonstrates that vibrational 
relaxation can be quite often accurately described in the framework of classical 
mechanics. 
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3.4.3. VT-Relaxation Rate Coefficients for Harmonic Oscillators, 
Landau-—Teller Formula 


To find the rate coefficient of the vibrational VT-relaxation of a harmonic 
oscillator, rewrite the relaxation probability equations 3.4.13 and 3.4.14 as a 
function of the relative velocity v of the colliding particles: 


PX yn v) x (1+ 1) exp (- axe) (3.4.15) 


and then integrate over the Maxwellian distribution function. Then the 
expression is derived for the averaged probability of VT-relaxation as a func- 
tion of translational temperature Ty and vibrational quantum number n, 
which is actually a number of quanta on a molecule: 


PYT „(To) = (n + IPY (To). (3.4.16) 


The relaxation rate coefficient can be found based on the expression for the 


relaxation probability hee (To) = ae (To)ko, where ky ~ 107!cm3 s~! is 
the rate coefficient of gas-kinetic collisions. Equation 3.4.16 shows the relax- 
ation rate dependence on the number of vibrational quanta. To find the 
vibrational relaxation temperature dependence (Equation 3.4.16), take into 
account that the function under integral of probability equation 3.4.15 over 


the Maxwellian distribution has a sharp maximum at the velocity: 


(3.4.17) 


It helps to find the integral of probability equation 3.4.15 over the 
Maxwellian distribution and the temperature dependence of vibrational 
relaxation probability: 


PYT (Tp) 2nw por? 31M 3 Kuo? a 
X ex = ex = ex 3 
10 0 XXP] age. 2T | ope) 202T 


The probability of VT-relaxation exponentially depends on the adiabatic 
Massey factor calculated for the velocity v*: 


3TH 1 


—— X x 
av* re 


Numerically, this adiabatic factor is about 5-15 over a wide range of temper- 
atures. Equation 3.4.18 obviously can be rewritten for the rate coefficient of 
the VT-relaxation of the vibrational quantum as a function of translational 
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gas temperature T (Landau and Teller, 1936): 


B [27202 
Ko eee), apa ye 3.4.19 
VT X ep( a) 2a2To ( ) 


Equation 3.4.19 shows the exponential growth of the VT-relaxation rate with 
translational temperature To and plays an important role in plasma chemistry, 
gas laser and shock wave kinetics. It is well known as the Landau-Teller 
formula. Generalization of the Landau-Teller formula for better quantitative 
description of the adiabatic VT-relaxation was developed in the frameworks 
of SSH-theory (Schwartz et al., 1952) and, in particular, by Billing (1986). For 
numerical calculations of the vibrational VT-relaxation rate coefficient, it is 
convenient to use the following semi-empiric relation, based on the Landau- 
Teller formula, derived by Lifshitz (1974): 


KO. = 3.03 x 106 (hw)? u> exp[—0.492 (fran)? 81 O30213], (3.4.20) 


Here the vibrational relaxation rate coefficient is in cm? /mol s, To and fiw in 
degree Kelvin, and p the reduced mass of colliding particles in atomic mass 
units. Similarly, another semi-empirical formula (Millican and White, 1963) 
describes the VT-relaxation time as a function of pressure: 


In(ptyt) = 1.16 x 1079 p2 (Aw) #9 (TS — 0.015 u14) — 18.42. (3.4.21) 


Pressure p is in atm, tyt in seconds, To and hw in degree Kelvin, reduced 
mass in atomic mass units (a.m.u). Numerical values of the vibrational 
relaxation rate coefficients at room temperature can be found in Table 3.13. 
The temperature dependence of the rate coefficients of the vibrational VT- 
relaxation for some molecules is given in Table 3.14. Relaxation of most of 
molecules considered in this table follows the Landau—Teller tendency in the 
temperature dependence. 


3.4.4 The Vibrational VT-Relaxation of Anharmonic Oscillators 


The most important peculiarity of relaxation of anharmonic oscillators is due 
to reduction of the transition energy with an increase of vibrational quantum 
number: 


Onn—1 = w(1 — 2%en). (3.4.22) 


Here xe is the coefficient of anharmonicity of a vibrationally excited diatomic 
molecule, n is the vibrational quantum number. As seen from Equation 3.4.16, 
the probability and rate coefficient of vibrational VT-relaxation increases with 
the vibrational quantum number n even in the case of harmonic oscillators. 
Furthermore, in the case of anharmonic harmonic oscillators, the increase 
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TABLE 3.13 


Vibrational VT-Relaxation Rate Coefficient ee. for One-Component 
Gases at Room Temperature 


Molecule kt (cm3/s) Molecule Kt (cm/s) 
Op 5 x 10718 Fy 2x 10-8 
Cl 3x 10-15 D2 3 x 10717 
Brz 10714 CO>(01!0) 5 x 10715 
Jo 3x 10714 H20(010) 3 x 10-2 
No 3 x 10719 N20 1071 
co 10718 Cos 3 x 10714 
Hp 10716 CS» 5 x 10714 
HF 2 x 10712 SO, 5 x 1071 
DF 5 x 10713 CoH» 10712 
HCl 10714 CH»Cly 10712 
DCI 5x 10715 CH, 10714 
HBr 2 x 10714 CH3Cl 10-18 
DBr 5 x 10715 CHCl, 5 x 10-18 
HJ 10713 CCl4 5 x 10718 
HD 10716 NO 10713 


Note: To = 300 K. 


TABLE 3.14 


Temperature Dependence of the Vibrational VT-Relaxation 
Rate Coefficient ko (To) for One-Component Gases 


Molecule Temperature Dependence kl). (To) (cm3/s) 
Op 10710 exp(—129 Stee 

Ch 2x 10-1 exp(—58 x T9 °) 

Bry 2x 10-1 exp(—48 x Ty) 

I 5x 10712 exp(—29 xT 

co 10-!2Ty exp(—190 x Ty 9 +1410 x T3) 
NO 10712 exp(—14 x ig 

HF 5 x 1071077! + 6 x 107207226 

DF 1.6 x 1075T7? +3.3 x 10716To 

Hcl 2.6 x 10-7Tp 9 +14 x 10-973 

F2 2x 10-1 exp(—65 x Ty °) 

Do 10712 exp(—67 LI 

CO» (0110) 1071 exp(-72 x TE) 


Note: Temperature To in degree Kelvin. 
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of vibrational quantum number n leads also to a reduction of the Massey 
parameter, making relaxation less adiabatic and exponentially faster: 


PYL n (Lo) = (n + 1)PY5 (To) expvrn). (3.4.23) 


The temperature dependence of the probability of VT-relaxation of anhar- 
monic oscillators (Equation 3.4.23) is similar to that of harmonic oscilla- 
tors (Equation 3.4.16) and corresponds to the Landau—Teller formula. The 
exponential parameter yr can be determined in the case of anharmonic 
oscillators as 


bvr = 4y xe, if yn = 27 (3.4.24a) 


4 
yT = zYnXer if Yn < 27. (3.4.24b) 


The adiabatic factor yņ is actually the Massey parameter for the vibrational 
relaxation transition n + 1 —> n with the transition energy En+1 — En. This 
adiabatic factor can be calculated as 


fC a 
1 = ; .4.2 
Yn(n + > n) Tå 2To (3.4.25) 


For numerical calculations of this Massey parameter y, it is convenient to 
use the relation 


0.32 
y= |E fol — 2xe(n —1)). (3.4.26) 
a V To 


In this relation the reduced mass w is in atomic units, reverse radius of 
interaction between colliding particles a is in A71, vibrational quantum hw 
and gas temperature Tọ is in degree Kelvin. 


3.4.5 Fast Nonadiabatic Mechanisms of VT-Relaxation 


The vibrational relaxation is quite slow in adiabatic collisions when there 
is no chemical interaction between colliding partners. The probability of a 
vibrationally excited N2 deactivation in collision with another N2 molecule at 
room temperature can be as low as 10~?. However, the vibrational relaxation 
process can be arranged much faster in nonadiabatic way, with a quantum 
transfer at almost each collision, if the colliding partners interact chemically. 
This can happen in collisions of vibrationally excited molecules with active 
atoms and radicals, in surface collisions, and so on. Consider separately the 
main nonadiabatic mechanisms of VT-relaxation. 


a. VT-relaxation in molecular collisions with atoms and radicals: These pro- 
cesses can be illustrated by the relaxation of vibrationally excited 
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FIGURE 3.18 
Illustration of the nonadiabatic VT-relaxation of Nọ molecules in collisions with O atoms. 


N2 molecules on atomic oxygen, analyzed by Andreev and Nikitin 
(1976), see Figure 3.18. The energy distance initially between degen- 
erate electronic terms grows as the molecule and the atom approach 
each other. Finally, when this energy of electronic transitions becomes 
equal to a vibrational quantum, the nonadiabatic relaxation (the 
so-called vibronic transition, see Figure 3.19) can take place. Temper- 
ature dependence of the process is due to the low activation energy 
and is not actually significant. Typical values of the nonadiabatic 
VT-relaxation rate coefficients are very high, usually about 10~!°— 
10712 cm3/s. Sometimes, as in the case of relaxation of alkaline atoms, 
the nonadiabatic VT-relaxation rate coefficients reach those for gas- 
kinetic collisions, for example, about 10-19 cm/s (see Equation 3.6.3 
and Figure 3.20). 


b. VT-relaxation through intermediate formation of long-life complexes: Fast 
nonadiabatic relaxation is also possible if a collision results in forma- 
tion of long-life chemically bonded complexes. This takes place, in 
particular, in collisions of HyO*-H20, CO;—H20, CH}-CO2, CH4- 
H20, C2H%-O2, NO*-Cly, related to important plasma chemical 
applications. Interaction between the collision partners is based quite 
often in this case on hydrogen bonds. In this case, relaxation rate coef- 
ficients also can reach gas-kinetic values. Temperature dependence is 
not strong and usually is negative so the relaxation rate coefficients 
decrease with increasing temperature. Another important peculiarity 
of this relaxation mechanism is its multiquantum nature; this means 
that the probabilities of one-quantum and multiquantum transfer of 
vibrational energy are relatively close. 
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c. VT-relaxation in symmetrical exchange reactions: Very fast nonadiabatic 
relaxation takes place in chemical reactions like 


Al + (BA")\(n =1) > A" + BA'(n = 0). (3.4.27) 


Such processes are effective when activation energies of corre- 
sponding chemical processes are low. A very important example 
is the oxygen exchange reaction, proceeding without any activa- 
tion energy through the intermediate formation of an excited ozone 
molecule: OF + O —> O3 > O + Op. Here the relaxation rate coeffi- 
cient is approximately 1071! cm3/s and practically does not depend 
on temperature. A similar situation takes place in the fast non- 
adiabatic VT-relaxation processes of H2 molecules on H atoms, 
different halogen molecules on corresponding halogen atoms, and 
hydrogen halides on the hydrogen atoms. 


d. Heterogeneous VT-relaxation, losses of vibrational energy in surface col- 
lisions, accommodation coefficients: Heterogeneous relaxation is non- 
adiabatic and a fast process if it proceeds through an adsorption stage 
and forms intermediate complexes with a surface, which is usually 
the case (Gershenson et al., 1977). The losses of vibrational energy 
can be determined in this situation from the probability of the vibra- 
tional relaxation calculated with respect to one surface collision. This 
probability is usually referred to as the accommodation coefficient, 
which can be found in Table 3.15 for different molecules and different 
surfaces. 


3.4.6 VT-Relaxation of Polyatomic Molecules 


The peculiar features of the VT-relaxation of vibrationally excited polyatomic 
molecules are related to the fact that in this case not one but a set of oscillators 
interacts with an incident atom or molecule. At a low level of excitation, 
vibrational modes of a polyatomic molecule can be considered separately 
(see Equations 3.2.9 and 3.2.11) and their relaxation can be calculated for 
each mode following the Landau—Teller approach or a nonadiabatic model 
described above (see Tables 3.13 and 3.14). For higher levels of excitation 
corresponding to the vibrational quasi-continuum of polyatomic molecules 
(see Section 3.2.4 and Equation 3.2.13), the mean square of the vibrational 
energy transferred to translational degrees of freedom (AE%,,) is obtained by 
averaging the exponential Landau—Teller factors over the vibrational Fourier 
spectrum of the system I(w), which was described in Section 3.2.4 (Rusanov 
et al., 1986) 


(AE) = | (Qreo yro) Io) exp(-—) dw. (3.4.28) 
0 
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TABLE 3.15 
Accommodation Coefficients for the Heterogeneous VT-Relaxation 
Quantum 

Vibration Energy Temperature Accommodation 
Molecule Mode (cm7!) (K) Surface Coefficient 
CO2 w=l 667 277-373 Platinum 0.3-0.4 
CO» vw =1 667 297 NaCl 0.22 
CO2 vw=1 2349 300-350 Pyrex 0.2-0.4 
CO w3=1 2349 300 Brass, Teflon, Mylar 0.2 
CO, w=1 2349 300-1000 Quartz 0.05-0.45 
CO2 v3=1 2349 300-560 Molybdenum glass 0.3-0.4 
CH4 w=1 1306 273-373 Platinum 0.5-0.9 
H? v=1 4160 300 Quartz 5 x 1074 
H2 v=1 4160 300 Molybdenum glass 1.3 x 1074 
Hz v=1 4160 300 Pyrex 1074 
D2 v=1 2990 77-275 Molybdenum glass 0.2-8 x 1074 
D2 v=1 2990 300 Quartz 1074 
N2 v=1 2331 350 Pyrex 5 x 1074 
N2 v=1 2331 282-603 Molybdenum glass 1-3 x 1073 
N2 v=1 2331 350 Pyrex 5 x 1074 
N2 v=1 2331 300 Steel, aluminum, copper 3 x 107° 
N2 v=1 2331 300 Teflon, alumina 1073 
N2 v=1 2331 295 Silver 1.4 x 1072 
CO v=1 2143 300 Pyrex 1.9 x 107? 
HF v=1 3962 300 Molybdenum glass 1072 
HCl v=1 2886 300 Pyrex 0.45 
OH v=9 — 300 Boron acid 1 
N20 w=l 589 273-373 Platinum, NaCl 0.3 
N20 wy=l1 2224 300-350 Pyrex 0.2 
N20 vw=1 2224 300-1000 Quartz 0.05-0.33 
N20 w=1 2224 300-560 Molybdenum glass 0.01-0.03 
CF3Cl w=1 732 273-373 Platinum 0.5-0.6 


The factor (Teo) Zr characterizes the smallness of the transition proba- 
bility that is due to the smallness of the amplitude of vibrations relative 
to the interaction radius. Numerically, this factor is usually of the order of 
(Teo1)7p ¥ 0.01. If a polyatomic molecule can be considered as a group of 
harmonic oscillators with frequencies wo; and vibrational quantum numbers 
ni, then the vibrational Fourier spectrum I(w) can be presented as a sum of 
$-functions (Equation 3.2.15). Obviously in this case, for the vibrational energy 
transfer during a collision Equation 3.4.28 reduces to the known expression 
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corresponding to the Landau—Teller model: 


(AEVr) = > (too) yi (hai)? exp(-—*). (3.4.29) 


1 


For the case of vibrationally excited molecules in quasi-continuum, the 
vibrational Fourier spectrum I(w) can be described by the Lorentz profile 
(Equation 3.2.18) as discussed in Section 3.2.4. Then the energy transfer from 
the most rapidly relaxing vibrational mode (with the smallest quantum wn) 
can be obtained from integration of Equation 3.4.28: 


= è fav? 
AER 7) = (Qtcol)y 2 = a 
(AEVr) = (Qtco1 yp È Fs exp a TF mo No (hon) 


(3.4.30) 


Here 8 is the intermode vibrational energy exchange frequency consid- 
ered while discussing Equation 3.2.18. Factor n is the number of quanta 
on the mode under consideration. If the low frequency mode is degener- 
ate or is a part of Fermi-resonance modes, then n implies the total number 
of quanta taking into account the degeneracy. As seen from Equation 3.4.30, 
the VT-relaxation of polyatomic molecules in quasi-continuum is determined 
by two effects: an adiabatic effect and a quasi-resonant effect (Rusanov et 
al., 1986). The first term is the adiabatic effect and is somewhat similar 
to the case of diatomic molecules. However, it is growing faster with n 
because of the effective reduction of the vibrational frequency and the Massey 
parameter (œn — è(n)/av) due to broadening of the given mode line in the 
vibrational spectrum I(w). The second term in Equation 3.4.30 corresponds 
to quasi-resonance (nonadiabatic) relaxation of polyatomic molecules at low 
frequencies, œ ~ av. Excitation at these low frequencies in the vibrational 
spectrum of polyatomic molecules becomes possible due to interaction of 
their fundamental modes. Comparison of these two relaxation effects shows 
that the quasi-resonant VT-relaxation has no exponentially small factor and 
can exceed the adiabatic relaxation. This means that VT-relaxation of poly- 
atomic molecules actually becomes nonadiabatic and very fast when high 
levels of their vibrational excitation results in transition to a quasi-continuum 
of vibrational spectrum. 


3.4.7 Effect of Rotation on the Vibrational Relaxation of Molecules 


Interaction between molecular vibrations and rotations is able to acceler- 
ate VT-relaxation. This effect is most important for molecules with low 
moment of inertia having, at the same time, a large reduced mass of col- 
liding particles. Vibrational relaxation of methane and hydrogen halides can 
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be taken here as an example. In general, molecules containing a hydrogen 
atom can lose their vibrational energy through rotation faster (Kondratiev 
and Nikitin, 1981). This effect can be explained since the Massey parameter 
w/av, in this case, depends not on the relative translational velocity of col- 
liding partners, but rather on the velocity of molecular rotation at the point 
of minimal distance between them. Molecules, which consist of both heavy 
and light atoms, have rotational velocity greater than translational velocity, 
which results in reducing the Massey parameter and accelerating the vibra- 
tional relaxation. Polyatomic molecules have also a specific effect of rotations 
on vibrational relaxation, the so-called VRT-relaxation process. Degenerate 
vibrational modes can have circular polarization (see Section 3.2.3) and angu- 
lar momentum of the quasi-rotations (Equation 3.2.10). This opens a fast, 
nonadiabatic channel for energy transfer from vibrational to translational 
degrees of freedom through intermediate rotations of polyatomic molecules. 


3.5 Vibrational Energy Transfer between Molecules, 
VV-Relaxation Processes 


Generation of highly vibrationally excited and therefore reactive molecules 
is usually not due to direct electron impact. The highly excited particles can 
be effectively formed during collisional energy exchange processes between 
molecules. These fundamental processes of great importance in plasma chem- 
istry are usually resonant or close to resonance and called VV-relaxation or 
VV-exchange processes. 


3.5.1 Resonant VV-Relaxation 


These processes usually imply vibrational energy exchange between 
molecules of the same kind, for example: Nž(v = 1) + No(v = 0) > Nov = 
0) + N3(v = 1). The resonant VV-exchange between diatomic molecules can 
be characterized by the probability q% (v) of a collisional transition, when one 
oscillator changes its vibrational quantum number from s to J, and other from 
m ton. Quantum mechanics gives an expression for the probability q! (v) sim- 
ilar to that obtained for VT-relaxation (Equation 3.4.11). Instead of wmn, used 
in the case of VV-exchange, the frequency describing the change of vibrational 
energy during the collision should be employed: 


AE 
h 


1 
Ons nl = 7 (Em + Es — E; — En) = (3.5.1) 
Also, instead of the matrix elements of transition m — n for VT-relaxation 
(Equation 3.4.11), the probability of the VV-exchange is determined by a prod- 
uct of matrix elements of transitions m — n and s —> l in both the interacting 
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oscillators: 


2 


2 FSE 
ql, 0) = erya m teya | F(t) exp(i@ms nit) dt (3.5.2) 


—oo 


The squared module of a Fourier-component of interaction force F(t) on 
a transition frequency (Equation 3.5.1) characterizes here the level of reso- 
nance (of adiabatic behavior) of the process in the same manner as in the 
case of VT-relaxation. As can be seen from Equation 3.4.14, the matrix ele- 
ments for harmonic oscillators (m|y|n) are nonzero only for transitions with 
n = m + 1, which means only the one-quantum VV-relaxation processes are 
possible in this approximation. Expression for the VV-relaxation probability 
of the one-quantum exchange as a function of translational gas temperature 
To can be obtained by averaging of the probability g! (v) over the Maxwellian 
distribution: 


Qmm+1 (Ty) = (m+ Dn + OPT). (3.5.3) 


Taking into account the higher powers in the expansion of intermolecu- 
lar interaction potential, the multiquantum VV-exchange processes become 
possible even for harmonic oscillators, but obviously with lower probability 
(Nikitin, 1970): 


m,m—k m! 
Qo; k ~ Gn Ok (teo) (3.5.4) 

In this relation, Teol is time of a collision and Q is the VV-transition frequency 
during the collision. The factor Qt.) is usually small due to the smallness of 
the vibrational amplitude with respect to intermolecular interaction radius in 
the same manner as in case of VT-relaxation. VV-relaxation for most molecules 
is due to the exchange interaction (short-distance forces), which results in a 
short time of collision teo] and Qt.) ~ 0.1—0.01. In this case, the probabil- 
ity of the only one quantum transfer is about Qh ax X (Qt)? ¥ 1072—1074 
(see Table 3.16). The probability of multiquantum yy- -exchange in this case 
according to Equation 3.5.4 is very low (e.g., it is about 107? even for reso- 
nant three-quantum exchanges). However, for some molecules such as CO2 
and N20, VV-relaxation is due to dipole or multipole interaction (long- 
distance forces). Because of the longer interaction distance, the collision time 
is much longer and both the factor teo] and the VV-relaxation sp Papi: 
ity Q9} become much larger and approaches unity: Q9) ~ (Qteo1)* ~ 1 (see 
Table 3. 16). Considering Equation 3.5.3, it is interesting to note that the cross 
sections of the resonance VV-exchange between highly vibrationally excited 
molecules can exceed in this case the gas-kinetic cross section. Also, the 
multiquantum resonant VV-exchange (Equation 3.5.4) is decreasing with the 
number of transferred quanta, but not as fast as in the case of short-distance 
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TABLE 3.16 


Resonant VV-Relaxation Rate Coefficients at Room 
Temperature and Their Ratio to Those of Gas-Kinetic 
Collisions (kyy /ko) 


Molecule kyy (cm/s) kyy/ko 
CO>(001) 5 x 10710 4 

ee) 3x 1071 0.5 

No 10713-10712 1078-1072 
H3 10-18 1073 
N20(001) 3 x 10710 3 

HF 3x 107H 0.5 
HCl 2x 107H 0.2 
HBr 1071! 0.1 

DF 3x 107H — 

HJ 2 x 10712 _ 


exchange interaction between molecules. Numerical values of the resonant 
VV-exchange rate coefficients are given in Table 3.16 at room temperature 
and a quantum exchange between the first and zero vibrational levels. 
Ratios of the rate coefficient to the correspondent gas-kinetic rate can be 
also found in the table. In general, the resonant VV-exchange is usually 
much faster at room temperature than VT-relaxation (see Table 3.13). This 
leads to the possibility of efficient generation of highly vibrationally excited 
and hence very reactive molecules in nonthermal discharges. Temperature 
dependence of the VV-relaxation probability Q9} ~ (Qt 01)” is different for 
that provided by dipole and exchange interactions. The transition frequency 
Q is proportional to the average interaction energy, hence in the case of 
the short-distance exchange interaction Q « To. Taking into account that 
Teo] X 1/v x TY a on ~ (Qteo1)? x To. The probability of VV-relaxation pro- 
vided by short-distance forces is proportional to temperature. Conversely, 
in the case of the long distance dipole and multipole interactions, the VV- 
relaxation probability decreases with an increase of the translational gas 
temperature To. The transition frequency 2 does not depend on temperature 
in this case and, hence, Cy ~ (Qtegh)* X tai « 1/To. 


3.5.2 VV-Relaxation of Anharmonic Oscillators 


The influence of the anharmonicity is related to a change of the transition 
matrix elements, but mostly to the increase of the transition energy. VV- 
exchange becomes nonresonant, slightly adiabatic, and as a result slower 
than the resonant one. The expression for the transition probability becomes 
more complicated than Equation 3.5.3 and includes the exponential adiabatic 
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factors (Nikitin, 1970): 


2 1 
Qn! = (m+ 1)(1 + DY exp(—Swv|n mb | 5 z exp(—wvli mb | 
(3.5.5) 


In the same manner as for the case of VT-relaxation of anharmonic oscillators 
(see Equations 3.4.24 and 3.4.25), in this relation: 


4 4mwxe [u 
syw =r =x — 5. 
VV 3 re V0 5a VT, (3.5.6) 


Note that the adiabatic factor (Equation 3.4.25) is much lower for a 
VV-exchange than for VT-relaxation. That is why Equation 3.4.24a can be 
neglected in the case of VV-relaxation, and only Equation 3.4.24b is required 
to be taken into account. In general, in one-component gases yy = ðyr. For 
numerical calculations of vy it is convenient to use the following formula: 


0.427 
Se eee E ois (3.5.7) 
a To 


In this relation, the reduced mass of colliding molecules u should be given 
in a.m.u., reverse intermolecular interaction radius a in A7!, translational 
gas temperature To and vibrational quantum fiw in degree Kelvin. The above 
formulas were related to the VV-exchange of anharmonic oscillators due to the 
short-distance forces (the exchange interaction between colliding molecules), 
which is correct in most cases. Taking into account the long-distance forces 
leads to modification of Equation 3.5.5 (Rockwood et al., 1973): 


1 
2 


m,m 3 
QR ~ (m+ 1)(n + 1) {(Q%b)s exp(—bvv In mo] 
x exp(—dyy |n — mb + (QU), exp(—Ayv(n — m))} (3-5.8) 


In this relation, (Ds and (QML represent probabilities of the only 
quantum transfer due respectively to short- and long-distance forces, param- 
eter Avy is related to the Massey parameter and determines the adiabatic 
degree for the VV-exchange of anharmonic oscillators provided by the long- 
distance forces. When the probability (Q9}), « 1 is negligible, Equation 3.5.8 
coincides with the previous one (Equation 3.5.5). The long collisional time 
in the case of the VV-exchange provided by long-distance forces results in 
relatively large Massey parameters Aw x Teol. AS a result, Ayy > yy, and 
according to Equation 3.5.8, the long-distance forces are able to affect the 
rate of VV-exchange only close to resonance, which means only for colli- 
sions of the anharmonic oscillators with close values of vibrational quantum 
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kyy, cm?/s 


10712 


10715 


FIGURE 3.19 

VV-exchange rate coefficient dependence on the vibration quantum number (CO, To = 300 K). 
(1) Contribution of short-distance forces. (2) Contribution of long-distance-forces. (3) Total curve 
for transitions (v > v — 1, 0 —> 1). (4) Total curve for transitions (v > v — 1,8 > 9). 


numbers. Figure 3.19 illustrates this effect by showing the dependence of 
the VV-exchange rate coefficient in pure CO at room temperature on the 
vibrational quantum number (Geffers and Kelley, 1971). 

Now compare the rate coefficients of VV-exchange and VT-relaxation tak- 
ing into account the anharmonicity. The effect of anharmonicity on the 
VV-exchange is negligible in resonant collisions, when |m — n| yy « 1 and 
Equation 3.5.5 actually coincides with Equation 3.5.3 for relaxation of har- 
monic oscillators. Anharmonicity becomes quite necessary in considering 
VV-exchange processes occurring in collisions of relatively highly excited 
molecules and molecules on low vibrational levels. Taking into account 
the effect of anharmonicity, the rate coefficient of the VV-exchange process 
kyy (n) = kota n decreases with growth of the vibrational quantum num- 


VT 
n+1,n’ 


which increases with n (ko ~ 1071? cm? s is the rate coefficient of gas-kinetic 
collisions). It is interesting to compare the rate coefficients of VV-exchange 
and VT-relaxation processes for vibrationally excited molecules based on 
Equations 3.5.5, 3.4.23, and 3.4.24b: 


ber n; this is in contrast to the VT-relaxation rate coefficient kyt(n) = koP 


_ kyr) _ Pig 
= key (ni) zZ on exp[(Svv + dy7)n] (3.5.9) 


(n) 


As seen from the relation £ < 1 at low excitation levels, the VT-relaxation is 
much slower than the VV-exchange because PT /Q9} « 1. This means that the 
population of highly vibrationally excited states can increase in nonthermal 
plasma much faster than losses of vibrational energy. This also explains the 
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high efficiency of this type of excitation in plasma chemistry. The ratio &(n), 
however, is growing exponentially with n and the VT-relaxation catches up 
to the VV-exchange (£ = 1) at some critical value of the vibrational quantum 
number (and corresponding vibrational energy E*(To)). This critical value of 
vibrational energy shows a maximum level of effective vibrational excitation 
E*(To) in plasma chemical systems and can be calculated as a function of gas 
temperature (Rusanov et al., 1979): 


E*(To) = ho( z = b/To) . (3.5.10) 


The first term in this relation obviously corresponds to the dissociation 
energy D of a diatomic molecule. Parameter b depends only on the molecu- 
lar gas under consideration. Thus, for CO-molecules, b = 0.90 K-05, for No, 
b = 0.90 K~°5, for HCI, b = 0.90 K~®>. The VV-relaxation process between 
molecules of the same kind can include, taking into account anharmonicity, 
a multiquantum exchange. The simplest example here is the two-quantum 
resonance. This occurs when a molecule with high vibrational energy (e.g., 
3 /4)D) can resonantly exchange two quanta for the only vibrational quan- 
tum of another molecule at low vibrational level. In general, such processes 
can be considered as intermolecular VV’-exchange (see below), and their small 
probability can be estimated by Equation 3.5.4. 


3.5.3 Intermolecular VV’-Exchange 


Vibrational energy exchange between molecules of a different kind is usu- 
ally referred to as VV’-exchange. Let us first consider the VV’-exchange 
in a mixture of diatomic molecules A and B with only slightly different 
vibrational quanta hwa > hwg. The adiabatic factors determine the small 
probability of the process. Then Equation 3.5.5 can be generalized to describe 
the VV’-exchange, when a molecule A transfers a quantum (va +1 — va) to 
a molecule B (vg + 1 > vp): 


Qyevns” = (va + DOs + 1) QY5(AB) exp(— |87-8ava + šap|) exp@ap) 
(3.5.11) 


Here ou (AB) is the probability of a quantum transfer from A to B for the 
lowest levels; parameters 8, and ôg are related to the adiabatic process and 
can be found based on Equations 3.5.6 and 3.5.7, taking for each molecule a 
separate coefficient of anharmonicity: Xea and Xep. Parameter p > 0 is the 
vibrational level of the oscillator A, corresponding to the exact resonant 
transition A(p + 1 > p) — B(O — 1) of a quantum from molecule A to B: 

_ Awa — op) 


pA o8) 3.5.12 
P= Se ah Get) 
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The product QY) (AB) exp(sap) in Equation 3.5.11 corresponds to the 
resonant exchange and does not include the adiabatic smallness, that is, 
QLI(AB) exp(dap) © (Qteo1)2, where the factor (Qt¢g1)? is about 1072-1074 
and characterizes the resonant transition of a quantum (see Section 3.5.1). 
Then Equation 3.5.11 for the one-quantum VV’-exchange can be rewritten for 
simplicity as 

QY = a+ DOB +1) (Qto)? exp(— [Save — svs + ôsp|). (3.5.13) 


vativa 


One can derive from Equation 3.5.13 a formula for calculating the nonres- 
onant transition of the only quantum from a molecule A to B: 


QY5(AB) = (Qteo1) exp(—8p). (3.5.14) 


For numerical calculations of the nonresonant, one-quantum VV’-exchange 
between a nitrogen molecule with a similar one is considered; Rapp (1965) 
proposed the following semi-empirical formula, corresponding to Equation 
3.5.14: 


(3.5.15) 


174A h 
Q9)(AB) = 3.7 x 10-°T ch? (SS) 


VTo 
1 


In this relation, the defect of resonance h Aw should be expressed in cm~*, 
and temperature To in degree Kelvin. Equations 3.5.14 and 3.5.15 obviously 
demonstrate that the probability of VV’-exchange decreases with growth of 
the defect of resonance h Aw. Here it should be noted that when the defect of 
resonance is quite large, A Aw ~ fiw, different multiquantum resonant VV'- 
exchange processes are able to become effective. The probability of such 
multiquantum resonant VV’-exchange processes can be calculated by the 
following formula (Nikitin, 1970): 


mm+r__ 1 nim+r)! 
nn-s ~~ rls! (n — s)!m! 


On. (3.5.16) 


This formula correlates to Equation 3.5.3 in the case of transfer of the only 
quantum r = s = 1. To estimate the probability Q% one should take into 
account that this transition in the harmonic approximation is due to a term 
in the expansion of the intermolecular interaction potential including coordi- 
nates of two oscillators in powers r and s. Each power of these coordinates in 
the interaction potential corresponds to a small factor Qt, in the expression 
for probability. As a result 

1 ni(m+r)! 
QS x (teo) and Ones = ae (Qt eo)". (3.5.17) 

This formula for multiquantum resonant VV’-exchange obviously corre- 
lates with that for multiquantum resonant VV-exchange (Equation 3.5.4), if 
we taker = sand m = 0. Rate coefficients of some nonresonant VV’-exchange 
processes at room temperature are given in Table 3.17. 
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3.5.4 VV-Exchange of Polyatomic Molecules 


Vibrational modes of a polyatomic molecule can be considered separately at 
low level of excitation (see Equations 3.2.9 and 3.2.11) and their VV-exchange 
can be calculated using the same formulas as those described above (see Table 
3.17). For higher levels of excitation, corresponding to the vibrational quasi- 
continuum of polyatomic molecules (see Section 3.2.4 and Equation 3.2.13), 
the mean square of vibrational energy transferred in VV-exchange (AE%,,) can 
be found similar to Equation 3.4.28 for VT-relaxation (Rusanov et al., 1986): 


(AERy)i2 = || Cronyn oveen exp- L) (to Por doz. 


0,00 


(3.5.18) 


In this relation, I(œ) is the vibrational Fourier spectrum of a polyatomic 
molecule, which can be described by the Lorentz profile (Equation 3.2.18); 
indices 1 and 2 are, respectively, the quantum transferring and quantum 
accepting molecules. Consider the VV-exchange within one type of vibra- 
tions between a molecule from the discrete spectrum region (in the first excited 
state, frequency wo) and a molecule in the quasi-continuum. Taking the vibra- 
tional spectra of the two molecules as in Equations 3.2.15 and 3.2.18, and an 
average factor (Qt¢o1)* for the chosen mode of vibrations, we can rewrite 
Equation 3.5.18 as 


[00] 


1 ns [ao — | 
2 2 2 
(AEVy) = (Qtcol) vy (hwo) | = ee aS exp( ) do. 


(3.5.19) 


Here n and w, are the number of quanta and corresponding frequency 
value (Equations 3.2.16 and 3.2.17). If both colliding partners are in the dis- 
crete vibrational spectrum region, which corresponds to § > 0, then the 
VV-exchange is obviously nonresonant. Exponential smallness of the trans- 
ferred energy (Equation 3.5.19) is then due to the adiabatic factor exp[-— (lwo — 
|) /av]. If one of the molecules is in quasi-continuum, the line width § exceeds 
usually the anharmonic shift |wọ — œ| (Makarov et al., 1980) and as seen from 
Equation 3.5.19, the VV-exchange is resonant: 

(AE) = (Qteo)y n—— (iw)? (3.5.20) 
ô + av 

In contrast to diatomic molecules (see Equations 3.5.5 and 3.5.9), the VV- 
exchange with a polyatomic molecule in the quasi-continuum is resonant and 
the corresponding rate coefficient does not decrease with a growth in the exci- 
tation level. Now we can compare the rate coefficients of the VV-exchange 
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(with a molecule in the first excited state) and VT-relaxation in the same 
manner as was done for diatomic molecules (Equation 3.5.9). If the nonres- 
onant term prevails in VT-relaxation (Equation 3.4.30), the ratio of the rate 
coefficients for polyatomic molecules can be expressed as 


(AEZ (n) S (Teol) exp( On — o) 


(AEC AGD (teow av 


E(n) = (3.5.21) 


The VV-exchange proceeds faster than the VT-relaxation &(n) « 1 at low 
levels of excitation (similar to the case of diatomic molecules). Intermode 
exchange frequency è(n) is growing with n faster than Aw = wọ — wy. For 
this reason (n) reaches unity and the VT-relaxation catches up with the VV- 
exchange at lower levels of vibrational excitation than in the case of diatomic 
molecules (Equation 3.5.10). Itis much more difficult to sustain the high popu- 
lation of upper vibrational levels of polyatomic molecules in quasi-continuum 
than of diatomic molecules. VV-quantum transfer from a weakly excited 
diatomic molecule to a highly excited one results in transfer of the anhar- 
monic defect of energy hwo — hw, into translational degrees of freedom. This 
effect, which is so obvious in the case of diatomic molecules, also takes place in 
the case of polyatomic molecules in the quasi-continuum. The average value 
of vibrational energy (AEr) transferred into translational degrees of freedom 
in the process of VV-quantum transfer from a molecule in the first (discrete) 
excited state (frequency wọ) to a molecule in quasi-continuum within the 
framework of our approach can be found as 


(Qteolery nds(n) ( a") 
eS = \| (o’ — one + PN aw 


0,00 


x §(@” — wo)h(w” — w) da’ dw”. (3.5.22) 


In the quasi-continuum under consideration the principal frequency is œn, 
with the effective number of quanta n. After integrating Equation 3.5.22 
and taking into account that 8 > |wn — wol, the expression for vibrational 
energy (AEr) transferred into translational degrees of freedom during the 
VV-exchange can be written as 


(AET) = 11 (Qteoi)¥y——— oo — hon). (3.5.23) 


Comparison of Equations 3.5.23 and 3.5.20 shows that each act of the VV- 
exchange between weakly excited diatomic molecule and a highly excited 
one in quasi-continuum is actually nonresonant and leads to the transfer of 
the anharmonic defect of energy hwo — ħwn into translational motion. This 
effect can be interpreted in the quasi-classical approximation as conservation 
in the collision process of the adiabatic invariant-shortened action, which is 
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the ratio of vibrational energy of each oscillator to its frequency (Landau and 
Lifshitz, 1976): 
Ba T Fva = const. (3.5.24) 
O1 02 
The conservation of the adiabatic invariant corresponds in quantum 
mechanics to conservation of the number of quanta during a collision. As 
is clear from Equation 3.5.24, the transfer of vibrational energy Ey from a 
higher frequency oscillator to a lower frequency one results in a decrease 
of the total vibrational energy and hence losses of energy into translational 
motion (Equation 3.5.23). The ratio of rate coefficients of the direct (considered 
above) and reverse processes of the VV-relaxation energy transfer to highly 
excited molecules can be found based on the relation (Equation 3.5.23) and 
the principle of detailed balance: 


kt Ty, T s—1 T 
wv 6 v, To) = (1 =) exp( hwo f AON 2) l 
kyy (Tv, To) Ey Ty To 


(3.5.25) 


In this relation, s is the effective number of vibrational degrees of freedom 
of the molecule; To and Ty are the translational and vibrational temperatures. 
The ratio (Equation 3.5.25) is indicative of the possibility of super-equilibrium 
populations of the highly vibrationally excited states at To < Ty, which is 
typical for nonequilibrium discharges in molecular gases. 


3.6 Processes of Rotational and Electronic Relaxation 
of Excited Molecules 


3.6.1 Rotational Relaxation 


Both rotational-rotational (RR) and rotational-translational (RT) energy 
transfer (relaxation) are usually nonadiabatic because, for molecules that are 
not highly excited, rotational quanta are generally small and so is the Massey 
parameter. As a result, collision of a rotator with an atom or another rotator can 
be considered as a free, classical collision accompanied by a necessary energy 
transfer. This means that the probability of RT and RR relaxation is actu- 
ally very high. A formula for calculating the number of collisions necessary 
for the total energy exchange between rotational and translational degrees 
of freedom (RT-relaxation) was proposed by Parker (1959) as a function of 
translational temperature To. The Parker formula was later corrected by Bray 
and Jonkman (1970): 


=i 
m\3/2 |T* x2 \ T* 
Zot = Z9, i į (5) l + (2 4 =| z , (8.6.1) 
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In this relation, T* is the depth (energy) of the potential well corresponding 
to intermolecular attraction; Z%, = Zrot(To — 00) is the number of collision 
necessary for RT-relaxation at very high temperatures. The increase of the 
collision number Zot with temperature in the Parker formula becomes clear 
noting that the intermolecular attraction accelerates the RT energy exchange. 
The attraction effect obviously becomes less effective when the translational 
temperature increases, which explains Equation 3.6.1. Numerical values of 
the collision numbers that are necessary for the RT relaxation are given in 
Table 3.18 for room temperature and for high temperatures Z™, = Zrot(To > 
oo). These two parameters, presented in Table 3.18, allow determining the 
energy depth T* of a potential well corresponding to the intermolecular 
attraction in the Parker formula. It actually helps to calculate the number of 
collisions (and hence the rotational relaxation rate coefficient) at any tempera- 
ture using Equation 3.6.1. The factor Z;ot is usually small, at room temperature 
it is approximately 3-10 for most of molecules. Exception takes place in the 
case of hydrogen and deuterium, where Zrot is approximately 200-500. This is 
due to high values of rotational quanta and relatively high Massey parameters 
that make this process slightly adiabatic. The above discussion was focused 
on the RT-relaxation at relatively low levels of rotational excitation, when 
the rotational quantum is very small. We should take into account, however, 
that the rotational quantum 2B(J + 1) grows with the level of rotational exci- 
tation and rotational quantum number (see Section 3.2.5). As a result, the 
RT-relaxation of the highly rotationally excited molecules can become more 
adiabatic and hence slower than that which was discussed above and shown 
in Table 3.18. 


TABLE 3.18 


Number of Collisions Zrot Necessary for RT- 
Relaxation in One-Component Gases 


Molecule Z% (To > œ) Zrot(To = 300 K) 
Ch 47.1 49 
Op 14.4 3.45 
D> = ~200 
CD34 = 12 
SF6 — 

CF4 — 

SiH4 = 28 
N> 15.7 4.0 
Hv = ~500 
CH4 = 15 
C(CH3)4 = 

CCl4 — 


SiBr4 _ 5 
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In general, RT relaxation (and further more RR relaxation) is a fast process 
usually requiring only several collisions. In most systems under considera- 
tion, the rates of the rotational relaxation processes are comparable with the 
rate of thermalization. TT-relaxation or thermalization is a process sustaining 
equilibrium inside of translational degrees of freedom. Hence under most con- 
ditions taking place even in nonequilibrium discharges, the rotational degrees 
of freedom can be considered in quasi-equilibrium with the translational 
degrees of freedom and can be characterized by the same temperature To. 


3.6.2 Relaxation of Electronically Excited Atoms and Molecules 


Electronically excited atoms and molecules have many different channels 
of relaxation. For example, super-elastic collisions and energy transfer from 
electronically excited particles back to plasma electrons can be here of great 
importance. Also, the spontaneous radiation on the permitted transitions 
makes here much more important contribution than in the case of vibrational 
excitation (because of much higher transition frequencies). These processes 
will be considered later in the book in chapters related to plasma chemi- 
cal kinetics. In this section, we are going to discuss only the basics of the 
relaxation of electronically excited atoms and molecules in collisions with 
other heavy neutral particles. The relaxation of electronic excitation, which is 
usually related to transfer of several electronvolts into translational degrees 
of freedom, is a strongly adiabatic process with very high Massey param- 
eters (Wt 91 ~ 100—1000). In this case, the relaxation is very slow, with low 
probability and low values of cross section. Thus, for example, the relaxation 
process 


Na(3P) + Ar > Na+ Ar (3.6.2) 


has the cross section not exceeding 1071? cm?, which corresponds to a proba- 
bility 107° or less. Sometimes, however, the relaxation processes similar to that 
in Equation 3.6.2 with very high values of the Massey parameters can have 
pretty high probabilities. Thus, relaxation of electronically excited oxygen 
atoms O(!D) on heavy atoms of noble gases requires only several collisions. 
Such effects can be explained taking into account the fact that the Massey 
parameter includes transition frequency in a quasi-molecule formed during 
a collision. This frequency can be lower than the one directly calculated from 
energy of the electronically excited atom. 

Electronically excited atoms and molecules obviously can transfer their 
energy not only into translational but also into vibrational and rotational 
degrees of freedom. These processes can proceed with a higher probability 
because of the lower energy losses from the internal degrees of freedom and 
hence smaller Massey parameters. Even stronger effects can be achieved by 
formation of intermediate ionic complexes. For example, the relaxation prob- 
ability is close to unity in the case of electronic energy transfer from excited 
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By - 


Me (?P) +N, 


Me (7S) +N> 


FIGURE 3.20 
Illustration of electronic energy relaxation through formation of intermediate ionic complexes. 


metal atoms Me* to vibrational excitation of nitrogen molecules: 
Me* + No(v = 0) > MeN; > Me + Nav > 0). (3.6.3) 


In this case, initial and final energy terms of the interaction Me—-N> cross the 
ionic one (see illustration of the process in Figure 3.20), which actually provide 
the transition between them (Bjerre and Nikitin, 1967). Massey parameters of 
the transitions near crossings of the terms are low, which makes the relaxation 
processes nonadiabatic and very fast. The maximum cross sections of such 
processes of relaxation of excited sodium atoms are given in Table 3.19. 


3.6.3 Electronic Excitation Energy Transfer Processes 


These processes can be effective only very close to resonance, within about 
0.1 eV or less. The He-Ne gas laser provides practically important examples 


TABLE 3.19 


Cross Sections of Nonadiabatic Relaxation of Electronically 
Excited Sodium Atoms 


Relaxation Process Cross Sections (cm2) 
Na* + No(v= 0) > Na + N3(v > 0) 2x 10714 
Na* + COx(v =0) + Na +CO%(v > 0) 10714 
Na* + Br2(v =0) > Na + Bri(v > 0) 10713 
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of such kind of highly resonant processes: 


He('S) + Ne > He + Ne(5s) (3.6.4) 
He(?S) + Ne > He + Ne(4s) (3.6.5) 


These processes lead to a population inversion for the 4s and 5s levels of 
neon atoms. Subsequently this effect results in coherent radiation from the 
He-Ne laser. Interaction radius for collisions of electronically excited atoms 
and molecules is usually large (up to 1 nm). For this reason, the values of 
cross sections of the electronic excitation transfer obviously can be very large, 
if these processes are quite close to resonance. For example, such resonance 
electronic excitation transfer process from mercury atoms to atoms of sodium 
has a large value of cross section reaching 10714 cm?. The electronic excitation 
transfer in collision of heavy particles could also take place as a fast nonadi- 
abatic transfer inside of the intermediate quasi-molecule formed during the 
collision. However, this fast nonadiabatic transfer requires a crossing of the 
corresponding potential energy surfaces. Such a crossing of terms becomes 
possible in interatom collisions only at very close distance between nuclei, 
which in traditional plasma systems corresponds to nonrealistic interaction 
energies about 10 keV. When the degree of ionization in plasma exceeds values 
of about 1076, the electronic excitation transfer can occur faster by interaction 
with the electron gas than in collisions with heavy particles. Such excitation 
transfer proceeds through the super-elastic collisions of the excited heavy 
particles with electrons (deactivation) followed by their excitation through 
electron impact. 


3.7 Elementary Chemical Reactions of Excited Molecules: 
Fridman—Macheret a-Model 


3.7.1 Rate Coefficient of the Reactions of Excited Molecules 


The formula for calculation of the reaction rate coefficient of an excited 
molecule with vibrational energy Ey at gas temperature Tp can be derived 
from the theoretical-informational approach (Levine and Bernstein, 1978): 


E, — aEy 
To 


kr (Ev, To) = kro ep( ) (Ea — aEy). (3.7.1) 


In this relation Ea is the Arrhenius activation energy; coefficient a is the 
efficiency of vibrational energy in overcoming of the activation energy bar- 
rier; kgo is the pre-exponential factor of the reaction rate coefficient; 0(x — xo) 
is the Heaviside function 8(x — xo) = 1, when x > 0; and 0(x — x9) = 0, when 
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x < 0). According to Equation 3.7.1, the reaction rates of vibrationally excited 
molecules follow the traditional Arrhenius law. The activation energy in the 
Arrhenius law is the value of vibrational energy taken with efficiency a. If the 
vibrational temperature exceeds the translational one Ty >> To and the chemi- 
cal reaction is mostly determined by the vibrationally excited molecules, then 
Equation 3.7.1 can be simplified: 


kr (Ey) = kro O(av an Eq). (3.7.2) 


The effective energy barrier of chemical reaction (or effective activation 
energy) in this case is equal to E,/a. The pre-exponential factor can be cal- 
culated in the framework of the transition state theory (Nikitin, 1970), but 
quite often can be just taken as the gas-kinetic rate coefficient kgo ~ ko. Equa- 
tion 3.7.1 describes the rate coefficients of reactions of vibrationally excited 
molecules after averaging over the Maxwellian distribution function for trans- 
lational degrees of freedom. The probability of these reactions without the 
averaging can be found based on the Le Roy formula (Le Roy, 1969). The 
Le Roy formula gives the probability Py (Ey, Et) of the elementary reaction 
as a function of vibrational Ey and translational E; energies of the colliding 
partners: 


PAE ESO. EES Ea—aEy, Ea > ars, (3.7.3a) 
Ea — aE 
Peep =1= a, if E > Ea—aEv, Ea Sake  (8.7.3b) 
t 
Py(Ey, Ey) =1, if Ea < aEy, any Ey. (3.7.3c) 


Averaging of P,(Ey,E,) over the Maxwellian distribution of the transla- 
tional energies E obviously gives Equation 3.7.1, which is actually the most 
important relation for calculation of elementary reaction of excited particles. 
Kinetics of chemical reactions of excited molecules mostly depends on the 
activation energy Ea and the efficiency of vibrational energy a, which will be 
discussed next. 


3.7.2 Potential Barriers of Elementary Chemical Reactions, 
Activation Energy 


Extensive information on chemical kinetic data, including values of the 
activation energies, was collected in particular by Baulch (1992-1994) and 
Kondratiev (1971). Today, probably, the easiest access to this information is 
on the Web through the NIST Chemical Kinetics Database. However, all these 
databases are usually not sufficient for describing the detailed mechanism of 
complicated plasma chemical reactions. In these cases, the activation ener- 
gies can be found theoretically from the potential energy surfaces, calculated 
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using sophisticated quantum mechanical methods such as LEPS (London- 
Eyring-Polanyi-Sato method, presented by Sato, 1955) or DCM (method of 
diatomic complexes in molecules, Eyring et al., 1980). Though an example 
of such a detailed quantum mechanical calculations will be presented later 
in this section, several simple semi-empirical methods can be successfully 
applied to find the value of activation energy. The most convenient of them 
are presented below: 


e The Polanyi-Semenov rule: According to this rule (Semenov, 1958), 
the activation energies for a group of similar exothermic chemical 
reactions can be found as 


Ea =B+aAH. (3.7.4) 


In this formula AH is a reaction enthalpy (negative for the exothermal 
reactions), a and $ are constants of the model. According to Semenov, 
these parameters are equal to a = 0.25—0.27 and $ = 11.5 kcal/mol 
for the following large group of exchange reactions: 


H+RH—>H.+R, D+RH > DH +R, 
H+RCHO > H2 +RCO, H+ RCI — HCI +R, 
H + RBr — HBr +R, 

Na + RCI ~ NaCl +R, Na+ RBr — NaBr +R, 
CH; + RH > CH4 +R, CH3+RCl > CH3C1l +R, 
CH3 + RBr > CH3Br+R, 

OH + RH > Ho +R. 


Endothermic chemical reactions where the reaction enthalpy AH is 
positive can be considered as a reverse process with respect to the 
exothermic reactions. Hence, Equation 3.7.4 can be rewritten for them 
with the same coefficients a and f (Tihomirova and Voevodsky, 1949): 


Ea = AH + (6 +0(—AH)) = 8+ (1— a) AH. (3.7.5) 


e Kagija method: This method was developed to find the activation 
energy of exchange reactions A + BC —> AB + C, based on the dissoci- 
ation energy D of the molecule BC, the reaction enthalpy AH and the 
one semi-empirical parameter y (Kagija, 1969). The relation for acti- 
vation energy in this case is similar to that of the Polanyi-Semenov 
rule: 


B D 2yD(2y*D* — 3yD + 2) 
~ @yD-1}? (2yD — 1) 


AH. (3.7.6) 


Ea 
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The Kagija parameter y is fixed for the groups of similar reactions: 


e For the reactions of detachment of hydrogen atoms by alkali 
radicals y = 0.019 


e For the reactions of detachment of hydrogen atoms by 
halogen atoms y = 0.025 


e Forthe reactions of detachment of halogen atoms from alkali 
halides the parameter y grows from y = 0.019 for chlorides 
to y = 0.03 for iodides 


e Sabo method: According to this approach, the activation energy can be 
found based on the sum of bond energies of the initial molecules }* Dj 
and the final molecules 5° Dg with one semi-empirical parameter a 


(Sabo, 1966): 
Ex =) Dji-a) Di (3.7.7) 


For exothermic substitution exchange reactions, the Sabo parameter 
a = 0.83; for endothermic substitution exchange reactions a = 0.96; 
for reactions of disproportioning a = 0.60 and for exchange reactions 
of inversion a = 0.84. 


e Alfassi—Benson method: This approach is related to the exchange reac- 
tions R+ AR’ > AR + R’ and claims that the activation of the process 
depends mainly upon the sum Ae of electron affinities to the parti- 
cles R and R’ and obviously on the reaction enthalpy AH (Alfassi 
and Benson, 1973). Such analysis of different reaction of atoms H, 
Na, O and radicals OH, CH3, OCH3, CF3 results in the following 
semi-empirical formula: 


_ 14.8 —3.64Ae 


= —————— YA 
1 — 0.025 AH (S 


a 


Ae, AH, and Ea are in kcal/mol. Alfassi and Benson (1973) also 
proposed several other semi-empirical formulas for calculation of 
activation energies on the basis of electron affinities of the radicals R 
and R’. 


3.7.3 Efficiency « of Vibrational Energy in Overcoming the Activation 
Energy Barrier 


The coefficient a is the key parameter in Equation 3.7.1 and hence the 
key parameter describing the influence of excited molecules in plasma 
on their chemical reaction rates. The database of these important param- 
eters of nonequilibrium kinetics is, however, relatively limited because 
methods of their determination are quite sophisticated (some of them are 
reviewed in particular by Levitsky et al., 1983a,b). Numerical values of the 
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coefficient a for different chemical reactions obtained experimentally as well 
as by detailed modeling applying the method of classical trajectories are pre- 
sented in Table 3.20. More detailed database concerning the a-coefficients can 
be found in Rusanov and Fridman (1984). Information presented in Table 3.20 
permits dividing chemical reactions into several classes (endothermic pro- 
cesses, exothermic processes, simple exchange, double exchange, etc.) with 
the most probable value of the coefficients a in each class. Such a classification 
(Levitsky et al., 1983a,b) can be expressed in the form of Table 3.21. 


3.7.4 Fridman—Macheret w-Model 


This model permits calculating coefficient a for the efficiency of vibrational 
energy in elementary chemical processes based mostly on information about 
the activation energies of the corresponding direct and reverse reactions 
(Macheret et al., 1984). This model describes the exchange reaction A+ BC > 
AB +C with the reaction path profile shown in Figure 3.21a and b. Vibration 
of the molecule BC can be taken into account using the approximation of the 
vibronic term (Secrest, 1973; Andreev and Nikitin, 1976); this is also shown 
in the figure by a dash-dotted line. The energy profile corresponding to the 
reaction of vibrationally excited molecule with energy Ey (the vibronic term) 
can be obtained in this approach by a parallel shift of the initial profile A + BC 
up on the value of Ey. The part of the reaction path profile corresponding to 
products AB+C remains the same if the products are not excited. As seen 
from Figure 3.21b, the effective decrease of the activation energy related to 
the vibrational excitation Ey is equal to 


FA+BC 


AE, = Ey a 
a Y F aee + FAB+C 


(3.7.9) 


In this relation Fa,pc and Fag+c denote the characteristic slopes of the terms 
A+ BC and AB + C presented on the Figure 3.21b. If the energy terms depends 
exponentially on the reaction coordinates with the decreasing parameters y1 
and y2 (reverse radii of the corresponding exchange forces), then 


1 
FA+BC _ yiEQ” 
Fap+c  yoE? 


(3.7.10) 


The subscripts “1” and “2” stand here for direct (A + BC) and reverse (AB + 
C) reactions. The decrease of activation energy Equation 3.7.9 together with 
Equation 3.7.10 not only explains the main kinetic relation (Equation 3.7.1) 
for reactions of vibrationally excited molecules, but also determines the value 
of the coefficient a (which is actually equal to a = AE,/Ey): 


yE ES 
a= D 5 = =D wy" (3.7.11) 
yıEa + y2Ea Ea + (y1/y2) Ea 
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TABLE 3.21 


Classification of Chemical Reactions for Determination of the Vibrational Energy 
Efficiency Coefficients a 


Simple Exchange and Bond Break 


In Nonexcited Molecule 


Reaction Type In Excited Molecule Through Complex Direct Double Exchange 


Endothermic 0.9-1.0 0.8 <0.04 0.5-0.9 
Exothermic 0.2-0.4 0.2 0 0.1-0.3 
Thermo-neutral 0.3-0.6 0.3 0 0.3-0.5 


Usually the exchange force parameters for direct and reverse reactions yı 
and y2 are close to each other and their ratio is close to unity, y1/y2 ~ 1, 
which leads to the approximate but very convenient main formula of the 
Fridman—Macheret a-model: 


Be 
ax a (3.7.12) 
EP + EP 


The geometric derivation of this formula is very similar to corresponding 
derivation of the Polanyi-Semenov rule (Equation 3.7.4). Equation 3.7.12 is 
in good numerical agreement with the experimental data (see Table 3.20) and 
reflects the three most important tendencies of the coefficient a: 


e The efficiency a of the vibrational energy is the highest, that is, close 
to unity (100%) for strongly endothermic reactions with activation 
energies close to the reaction enthalpy. 


(a) Vf (b) 


A+BC%(E,) /” 
a 


_ 


A+BC 


FIGURE 3.21 

Efficiency of vibrational energy in a simple exchange reaction A + BC —> AB +C: (a) Solid 
curve—reaction profile; dashed line—a vibronic term corresponding to interaction of A with 
a vibrationally excited molecule BC* (Ey). (b) Part of the reaction profile near the barrier summit. 
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e The efficiency a of the vibrational energy is the lowest, that is, close 
to zero for exothermic reactions without activation energies. 


e Sum of the a coefficients for direct and reverse reactions is equal to 
unity a) +a® =1. 


Equation 3.7.12 does not include any detailed information on the dynamics 
of the elementary reaction and type of excitation. For this reason, it can be 
applied to wide range of chemical reactions of excited species. 


3.7.5 Efficiency of Vibrational Energy in Elementary Reactions Proceeding 
through Intermediate Complexes 


As an example of such reactions consider the synthesis of lithium hydride: 
Li?S) + H3(' 2,0) > LiH('Z*) + HÊS). (3.7.13) 


The minimum of the potential energy of the system Li-H2 corresponds to 
the group of symmetry Czy. The potential energy surface for the reaction with 
the Cx configuration was calculated using the method of diatomic complexes 
in molecules DCM (Polishchuk et al., 1980) and presented in Figure 3.22. The 
corresponding reaction path profile is shown in Figure 3.23. The potential well 
energy depth is about 0.4 eV. The potential well makes the lithium hydride 
synthesis proceed through an intermediate complex, which can be described 
using the statistical theory of chemical processes (Engelgardt et al., 1964). 
The total cross section of the reaction (Equation 3.7.13) is expressed in the 
framework of this theory as a product of the cross section of the intermediate 
complex formation, oa, and the probability of its subsequent decay with the 
formation of LiH + H. The attachment cross section, oa, at the fixed orbital 
quantum number ! for the relative motion of the reactants can be written as 


2m AT 

l 

= — (2l + 1)—-. 7.14 
o = elt Dae (3.7.14) 


In this relation, AE; is the average distance between energy levels of the 
complex; AI is the level energy width of the complex; k is the wave vector of 
the relative motion of the reactants. Assuming AT /AEx = 1/2n in Equation 
3.7.14 , and then considering the probabilities of different decay channels of 
the intermediate complex, the total cross section of the reaction (Equation 
3.7.13) is 


=. Ba: 


oa GD yan Eon a 
og(E) = EH FEED = Bt De ( 0(E — E?). 


(3.7.15) 
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Potential energy surface of Li-H2 (energy and distance in atomic units). 


Here Et = 2.7 eV is the activation energy of Equation 3.7.13; kı and k_1 
are the rate coefficients of the direct and reverse channels of decay of the 
intermediate complex; s is the number of vibrational degrees of freedom of the 
complex; Aw * 3 is the frequency factor; 0(E — ES) is the Heaviside function 
(0(x — xo) = 1, when x > 0; and 8(x — xo) = 0, when x < 0). If Ey, Er, and Et 
are, respectively, the vibrational energy of the hydrogen molecule, rotational, 
and translational energies of the reacting particles, then the total effective 
energy of the intermediate complex E, calculated with respect to the initial 


0.38 eV 


FIGURE 3.23 
Reaction profile: Li + H? — LiH + H. Dashed line illustrates the effect of angular momentum 
conservation. 
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level of potential energy, can be found as 
E = Ey + arEr + Et. (3.7.16) 


The efficiencies ay and at of the rotational and translational energies in 
overcoming the activation energy barrier are less than 100% and can be 
estimated as 


Or zyx- $. (3.7.17) 


The lower efficiencies of the rotational and translational energies are due 
to conservation of angular momentum. It results in the fact that part of the 
rotational and translational energies remains in rotation at the last moment 
of decay of the complex (see Figure 3.23), when the characteristic distance 
between products is equal to Ra. In Equation 3.7.17, re is the equilibrium dis- 
tance between hydrogen atoms in a hydrogen molecule H2. The cross section 
of reaction (Equation 3.7.13) is shown in Figure 3.24 as a function of fraction 
Ey/Eo of vibrational energy Ey in the total energy Eo, assuming the fixed 
value of the total energy Eo = 2E{ = const. As can be seen from the figure, 
the vibrational energy of hydrogen is more efficient than the rotational and 
translational energies in stimulating the typical reaction (Equation 3.7.13), 
proceeding through formation of the intermediate complex. According to 
Equations 3.7.15 and 3.7.16, the efficiency of the vibrational energy in such 
reactions is close to 100%. Using this fact it is possible to use the general 
formula (Equation 3.7.1) with the efficiency coefficient a ~ 1 for stimulation 
the endothermic reactions going through complexes by vibrational excita- 
tion of reagents. This was also confirmed in detailed consideration of the 
nonadiabatic Zeldovich reaction of NO synthesis: 


OCP) +N3(ZP) e N20*('=t) > NOP) + NCS), (3.7.18) 
4 
y= y= 0.75 
a2 
6 


E,/Eo 


FIGURE 3.24 
Contribution of different degrees of freedom in the cross section of the reaction. 
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NO (711) +N D) 


NO (TI) +N (4S) 


O ('D)+Nz (12g) 


O (@P)+N, (12) 


N,0* (15+) 


FIGURE 3.25 
Reaction profile: O + N2 > NO +N. 


which proceeds through the formation of the intermediate complex (see Fig- 
ure 3.25) and can be effectively stimulated (a = 1) in plasma by vibrational 
excitation of nitrogen molecules (Rusanov et al., 1978, see also Table 3.20). In 
this case, one should take into account that the pre-exponential factor kro in 
relation (Equation 3.7.1) for such reactions is not constant, but is proportional 
to the statistical theory factor (Nikitin, 1970): 


s—1 
kro xX kronP-2( “5 =) . (3.7.19) 
v 

The statistical factor in parenthesis (see also Equation 3.7.15) reflects the 
probability of localization of vibrational energy on the chemical bond to be 
broken; s is a number of degrees of freedom, the Landau—Zener factor PL_z 
shows the probabilities of transitions between electronic terms during forma- 
tion and decay of the intermediate complex-molecule (for the nonadiabatic 
reactions, see Figure 3.25). 


3.7.6 Dissociation of Molecules Stimulated by Vibrational Excitation 
in Nonequilibrium Plasma 


The dissociation of diatomic and polyatomic molecules in nonequilibrium 
plasma can be effectively stimulated by their vibrational excitation. Such dis- 
sociation of diatomic molecules has a trivial elementary mechanism (Capitelli, 
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FIGURE 3.26 
Lower electronic terms of CO2. 


1986) and it is mostly controlled by vibrational kinetics. A good example of 
the polyatomic molecule dissociation stimulated by vibrational excitation is 
the process of CO2-decomposition in nonthermal discharges (Givotov et al., 
1982, 1984). It is interesting to analyze the scheme of electronic terms of 
CO», presented in Figure 3.26. The adiabatic dissociation of CO2 (with spin 
conservation) in step-by-step vibrational excitation 


CO (E+) > COC =*) + OCD) (3.7.20) 


leads to the formation of an oxygen atom in the electronically excited state and 
requires more than 7 eV of energy. The nonadiabatic transition !E* — 3B in 
the crossing point of the terms (change of spin during the transition) provides 
the more effective dissociation stimulated by the step-by-step vibrational 
excitation: 


CO2*(1E*) > CO4 B2) > COCEŤ) + OPE). (3.7.21) 
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This process results in formation of an oxygen atom in the electroni- 
cally ground state 3° and requires spending exactly OC=O bond energy, 
which is equal to 5.5 eV. The dissociation processes has high coefficients 
of efficiency of vibrational energy utilization in overcoming the activation 
energy barriers (the coefficient a = 1 in relation Equation 3.7.1). The pre- 
exponential factors for the dissociation processes stimulated by vibrational 
excitation can be also described in frameworks of the statistical theory of 
the monomolecular reactions (Nikitin, 1970) or simply by using the relation 
(Equation 3.7.19). 


3.7.7 Dissociation of Molecules in Nonequilibrium Conditions 
with Essential Contribution of Translational Energy 


Vibrational temperature in most nonthermal discharges exceeds translational 
one Ty > Tp. Some phenomena such as dissociation of molecules after a shock 
wave front, however, are characterized by Ty < To. In this case, both vibra- 
tional and translational temperatures make contributions into stimulation of 
dissociation. For such cases it is convenient to describe the stimulation using 
the nonequilibrium factor Z (Losev et al., 1996): 


kr (To, Ty) 


Z(To, Ty) = === 
C0 a 


STAT TyTN Goto (3.7.22) 


In this formula, kg (To, Ty) is the dissociation rate coefficient; kg (To, Ty = To) 
is the corresponding equilibrium rate coefficient for temperature To; the 
nonequilibrium factors Zp and Z; are related to dissociation from high (“h”) 
and low (“1”) vibrational levels. The nonequilibrium factor Z can be found 
using the Macheret-Fridman model (Macheret et al., 1994). The model is 
based on the assumption of classical impulsive collisions. Dissociation is con- 
sidered to occur mainly through an optimum configuration, which is a set 
of collisional parameters minimizing the energy barrier. This optimum con- 
figuration defines the threshold kinetic energy for dissociation and through 
it the exponential factor of the rate coefficient. The probability of finding 
the colliding system near the optimum configuration determines the pre- 
exponential factor of the rate. In the framework of the Macheret—Fridman 
model, the nonequilibrium factor for dissociation from the high vibrational 
levels is 


_ {1—exp(—ho/Ty) B 1 x 1 
Zn(Io, Ty) = f SE oTa (1 D] exp| D (7 =| , (3.7.23) 


where D is the dissociation energy and L is the pre-exponential factor related 
to configuration of collisions. For dissociation from the low vibrational levels, 
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which is applicable in this case, the model gives 


1 1 


GT at exp| -D (= = =| : (3.7.24) 


where the effective temperature is introduced by the following relation (im is 
mass of an atom in dissociating molecule, M is mass of an atom in other 
colliding partner): 


2 
m 
Tare eh OT). eS ( = =) (3.7.25) 


In contrast to the general formula (Equation 3.7.1) showing efficiency of 
vibrational energy, relation (Equation 3.7.25) shows both efficiency of vibra- 
tional energy and efficiency of translational energy in dissociating molecules 
under nonequilibrium conditions. Experimental values of the nonequilibrium 
factor Z are presented in Figure 3.27 together with the theoretical predictions. 
It is interesting to point out that the nonequilibrium factor Z(To) at To > Ty 
taken as a function of temperature Ty corresponds to a curve with a mini- 
mum. When at first To is still close to Ty, the dissociation is mostly due to 
contributions from high vibrational levels. While the translational tempera- 
ture is growing in this case, the relative population of the high vibrational 
levels is decreasing; this results in a reduction of the nonequilibrium factor 
Z. When the translational temperature becomes very high, the dissociation 
becomes “direct,” for example, mostly due to the strong collisions with vibra- 
tionally nonexcited molecules. In this case the nonequilibrium factor Z starts 
growing. Thus, the minimum point of the function Z (To) corresponds actually 
to the transition to direct dissociation mainly from vibrationally nonexcited 
states (see Figure 3.27). Several semi-empirical models were also proposed 
to make simple estimations of the nonequilibrium dissociation at To > Ty. 
Let us examine some of the most used models and compare them with the 
Macheret-Fridman model. 


3.7.7.1. Park Model 


This model (Park, 1987) is widely used in practical calculations because of 
its simplicity. According to this model, the dissociation rate coefficient can be 
found using the conventional Arrhenius formula for equilibrium reactions by 
just replacing the temperature by a new effective value: 


Teg = T3Ti. (3.7.26) 


Here the power s is a fitting parameter of the Park model, which was 
recommended by author to be taken as s = 0.7 (in first publications, how- 
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FIGURE 3.27 
Experimental and theoretical values of the nonequilibrium factor Z in (a) oxygen, (b) nitrogen, 
and (c) iodine. (1) Macheret-Fridman model. (2) Kuznetsov model. (3) Losev model. 


ever, the effective temperature was taken approximately as Tog = /ToTy). 
The Macheret—Fridman model permits to find theoretically—the Park para- 
meter as 


s=1-a=1 ( “ ig (3.7.27) 
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If two atomic masses are not very different m ~ M, then the parameter 
s X 0.75 according to Equation 3.7.27, which is pretty close to the value s = 0.7, 
recommended by Park (1987). 


3.7.7.2 Losev Model 


According to this model (Losev and Generalov, 1961) the dissociation rate 
coefficient can be found using the Arrhenius formula for equilibrium reac- 
tions with vibrational temperature Ty and effective value Dețf of dissociation 
energy. To find Deg the actual dissociation energy D should be decreased by 
the value of translational temperature taken with efficiency B: 


Deft = D — BT. (3.7.28) 


This relation is similar to Equation 3.7.1, with the vibrational and transla- 
tional energies replacing each other. The coefficient $ is the fitting parameter of 
the Losev model, and for estimations it should be taken as B ~ 1.0—1.5. The 
Macheret-Fridman model permits theoretically finding the Losev parame- 
ter as 


Se. ae (3.7.29) 


As is clear from Equation 3.7.29, the Losev parameter $ can be considered 
as a constant only for a narrow range of temperatures. 


3.7.7.3. Marrone—Treanor Model 


This model (Marrone and Treanor, 1963) supposes the exponential distribu- 
tion (with the parameter U) of the probabilities of dissociation from different 
vibrational levels. If U — ov, the probabilities of dissociation from all vibra- 
tional levels are equal. The nonequilibrium factor Z can be found in the 
framework of this semi-empirical model as 


Q(T) Q(T#) 
Q(Ty)Q(-U) ’ 


The statistical factors Q(T;) can be defined for the four temperatures: 
translational temperature To, vibrational temperature Ty, and two special 
temperatures U and T; = [1/{(1/Tv) — (1/To) — (1/ — U)}], all denoted below 
in general as Tj, using the following relation: 


Z(To, Ty) = To= Ty (3.7.30) 


1 — exp(—D/T}) 
1— exp(—ħw/T)) 


QT) = (3.7.31) 


The negative temperature -U is a fitting parameter of the model. Rec- 
ommended values of this semi-empirical coefficient U are 0.6To — 3To. The 
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Macheret-Fridman model permits theoretically finding the Marrone-Treanor 
semi-empirical parameter as 


TolaTo + A — a) Ty] 

= 3.7.32 

(To — Ty) — a) 

More detailed information about the two-temperature kinetics of dissocia- 
tion for To > Ty can be found in Sergievska et al. (1995). 


3.7.8 Chemical Reactions of Two Vibrationally Excited Molecules 
in Plasma 


The efficiency of vibrational energy in overcoming the activation energy bar- 
riers of the strongly endothermic reactions is usually close to 100% (a = 1). 
It was assumed in this statement that only one of reacting molecules keeps 
the vibrational energy, see Table 3.20. In some plasma chemical processes, 
two molecules involved in reaction can be strongly excited vibrationally. 
An example of such a reaction of two excited molecules is the carbon oxide 
disproportioning, leading to carbon formation: 


CO*(v1) + CO*(v2) > CO2 +C. (3.7.33) 


The disproportioning is a strongly endothermic process (enthalpy about 
5.5 eV) with activation energy 6 eV, which can be stimulated by vibrational 
energy of both CO molecules. This elementary reaction was studied by Nester 
et al. (1983) using the vibronic terms approach. According to this approach, 
the general Equations 3.7.1 and 3.7.2 also can be applied to the reaction of 
two excited molecules. In this case, both molecules contribute their energy to 
decrease the activation energy: 


AEa = a1 Ey1 + a2Ey2. (3.7.34) 


Here, Ey; and Ey? are the vibrational energies of the two excited molecules 
(subscript 1 corresponds to the molecule losing an atom, subscript 2 is related 
to another one accepting the atom); a1 and a2 are coefficients of efficiency 
of using vibrational energy from these two sources. For reaction (Equa- 
tion 3.7.33) it was shown that a, = 1 and a2 ~ 0.2. Thus, the vibrational energy 
of the donating molecule is more efficient in the stimulation of endothermic 
exchange reactions than that of the accepting molecule. 


PROBLEMS AND CONCEPT QUESTIONS 


1. Lifetime of metastable atoms. Compare the relatively long radiative 
lifetime of a metastable helium atom He (2s 3 S1) with the time inter- 
val between collisions of the atom with other neutrals and with a 
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wall of a discharge chamber (radius 3 cm) in a room temperature 
discharge at low pressure of 10 Torr. Comment on the result. 

2. The Rydberg correction terms in the Bohr model. Estimate the relative 
accuracy (in percentage) of applying the Bohr formula (Equa- 
tion 3.1.1) without the Rydberg correction for excited helium atoms 
with the following quantum numbers: (a) n = 2,1 = 0,5 = 1 and (b) 
n= 3,1l = 2, S = 0. Explain the large difference in accuracy. 

3. Metastable atoms and selection rules. Using Table 3.1, check the 
change in parity and quantum numbers S, J, and L between excited 
metastable states and corresponding ground states for different 
atoms. Compare these changes in parity and quantum numbers 
with the selection rules for dipole radiation. 

4. Molecular vibration frequency. Consider a diatomic homonuclear 
molecule as a classical oscillator with mass M of each atom. Take 
interaction between the atoms in accordance with the Morse poten- 
tial with known parameters. On the basis of this, find a vibration 
frequency of the diatomic homonuclear molecule. Compare the 
frequency with an exact quantum mechanical frequency given by 
Equation 3.2.3. 

5. Anharmonicity of molecular vibrations. Equation 3.2.4 gives a relation 
between anharmonicity coefficient, vibrational quantum, and the 
dissociation energy for diatomic molecules. Using this relation and 
numerical data from Table 3.6, find dissociation energies of molecu- 
lar nitrogen, oxygen, and hydrogen. Compare the calculated values 
with actual dissociation energies of these molecules (for N2, D = 9.8 
eV; for O2, D = 5.1 eV; for H2, D = 4.48 eV). 

6. Maximum energy of an anharmonic oscillator. Calculate based on 
Equation 3.2.4 the maximum vibrational energy Ey(v = Umax) of 
an anharmonic oscillator, corresponding to the maximum vibra- 
tional quantum number Equation 3.2.6. Compare this energy with 
dissociation energy of the diatomic molecule, calculated based 
on Equation 3.2.4 between vibrational quantum and coefficient of 
anharmonicity. Comment the role of Equation 3.2.2 in this case. 

7. (C) Isotopic effect in dissociation energy of diatomic molecules. Disso- 
ciation of which diatomic molecule-isotope—light one or heavy 
one—is a kinetically faster process in the thermal quasi-equilibrium 
discharges. Make your decision based on Equations 3.2.2 and 3.2.3 
for dissociation energy and vibration frequency. 

8. Parameter Massey for transition between vibrational levels. Estimate the 
Massey parameter (Equation 2.2.27) for a process of loss of one 
vibrational quantum from an excited nitrogen molecule in a col- 
lision with another heavy particle at room temperature. Consider 
the loss of the highest (Equation 3.2.7) and the lowest hw vibrational 
quantum. Compare and comment on the results. 

9. (C) Anharmonicity of vibrations of polyatomic molecules. Why can the 
coefficients of anharmonicity be both positive and negative for poly- 
atomic molecules, while for diatomic molecules they are always 
effectively negative? 


Elementary Processes of Excited Molecules and Atoms in Plasma 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


Symmetric modes of CO2 vibrations. In Equations 3.2.12 and 3.2.13, 
Nsym is the total number of quanta on the symmetric modes (v1 
and v2) of CO2. It can be presented as sym = 21, + n taking 
into account relation between frequencies of the symmetric valence 
and deformation vibrations (vy ~ 2v2). Estimate the values of vibra- 
tional quantum and anharmonicity for such a combined symmetric 
vibrational mode. 

Transition to the vibrational quasi-continuum. Based on Equation 
3.2.13, find out numerically at which level of vibrational energy 
CO modes cannot be considered individually anymore? 

Effect of vibrational excitation on rotational energy. Calculate the 
maximum possible relative decrease of the rotational constant B 
of N2 molecule due to the effect of vibration on the basis of 
Equation 3.2.20. 

Cross section of vibrational excitation by electron impact. Using the Breit- 
Wigner formula, estimate the half-width of a resonance pike in the 
vibrational excitation cross section dependence on electron energy. 
Discuss the values of the energy half-width for the resonances with 
different range of lifetime. 

Multiquantum vibrational excitation by electron impact. Based on the 
Fridman’s approximation and taking into account known values of 
the basic excitation rate coefficient key(0,1) as well as parameters a 
and f of the approximation, calculate the total rate coefficient of the 
multiquantum vibrational excitation from an initial state vı to all 
other vibrational levels v > vı. Compare the total vibrational exci- 
tation by electron impact rate coefficient with the basic one key (0,1) 
for different gases using Table 3.11. 

(C) Rotational excitation of molecules by electron impact. Compare 
qualitatively the dependences of rotational excitation cross sec- 
tion on electron energy in the cases of excitation of dipole and 
quadrupole molecules (Equations 3.3.6 and 3.3.7). Discuss the qual- 
itative difference of the cross sections behavior near the process 
threshold. 

Cross sections of electronic excitation by electron impact. Find electron 
energies (in units of ionization energy, x = ¢/I), corresponding to 
the maximum value of cross sections of the electronic excitation 
of permitted transitions. Use semi-empirical relations of Drawin 
equation 3.3.9 and Smirnov equation 3.3.10 and compare the results. 
Electronic excitation rate coefficients. Using Table 3.12 for nitrogen 
molecules, calculate and draw the dependence of rate coefficients 
of electronic excitation of A? Xf and ionization in wide range of 
reduced electric fields E/ng typical for nonthermal discharges. 
Discuss the difference in behavior of these two curves. 

Influence of vibrational temperature on electronic excitation rate coeffi- 
cients. Calculate the relative increase of electronic excitation rate 
coefficient of molecular nitrogen in a nonthermal discharge with 
reduced electric field E/ng =3 x 10716 Vem?, when the vibrational 
temperature increases from room temperature to Ty = 3000 K. 
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19. (C) Dissociation of molecules through electronic excitation by direct 
electron impact. Explain why the electron energy threshold of the 
dissociation through electronic excitation almost always exceeds 
the actual dissociation energy in contrast to dissociation, stimulated 
by vibrational excitation, where the threshold is equal quite often to 
the dissociation energy. Use the dissociation of diatomic molecules 
as an example. 

20. (C) Distribution of electron energy between different channels of excitation 
and ionization. Analyzing Figures 3.9 through 3.16, find the molecu- 
lar gases with the highest possibility to localize selectively discharge 
energy on vibrational excitation. What is the highest percentage of 
electron energy that can be selectively focused on vibrational excita- 
tion? Which values of reduced electric field or electron temperatures 
are optimal to reach this selective regime? 

21. (C) Probability of VT-relaxation in adiabatic collisions. Probability of 
the adiabatic VT-relaxation (e.g., in expression 3.4.10) exponentially 
depends on the relative velocity v of colliding partners, which is 
actually different before and after collision (because of the energy 
transfer during the collision). Which one from the two translational 
velocities should be taken to calculate the Massey parameter and 
relaxation probability? 

22. VT-relaxation rate coefficient as a function of vibrational quantum num- 
ber. The VT-relaxation rate grows with the number of quantum for 
two reasons (see, e.g., Equation 3.4.15). First, the matrix element 
increasing as (n + 1) and second, vibrational frequency decreases 
because of anharmonicity. Show numerically which effect is dom- 
inating the acceleration of VT-relaxation with level of vibrational 
excitation. 

23. (C) Temperature dependence of VT-relaxation rate. The vibrational relax- 
ation rate coefficient for adiabatic collisions usually decreases with 
reduction of translational gas temperature in good agreement with 
the Landau—Teller formula. In practice, however, this temperature 
dependence function has a minimum, usually at about room tem- 
perature, and then the relaxation accelerates with further cooling. 
Explain the phenomena. 

24. Semi-empirical relations for VT-relaxation rate coefficients. Calculate 
vibrational relaxation rate coefficients for a couple of molecular 
gases at room temperature using the semi-empirical formula (Equa- 
tion 3.4.20). Compare your results with data obtained from Table 
3.13 and estimate the relative accuracy of using the semi-empirical 
relation. 

25. VT-relaxation in collision with atoms and radicals. How small the con- 
centration of oxygen atoms should be in nonthermal air—plasma at 
room temperature to neglect effect of VT-relaxation of vibrationally 
excited nitrogen molecules in collision with the atoms. Make the 
same estimation for nonequilibrium discharges in pure oxygen. 
Explain difficulties in accumulation of essential vibrational energy 
in such discharges. 
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26. 


21: 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


Surface relaxation of molecular vibrations. Estimate the pressure at 
which heterogeneous vibrational relaxation in a room tempera- 
ture nitrogen discharge becomes dominant with respect to volume 
relaxation. Take the discharge tube radius about 3 cm, suppose 
molybdenum glass as the discharge wall material and estimate 
the diffusion coefficient of nitrogen molecules in the system by the 
simplified numerical formula D ~ 0.3/p(atm) cm? /s. 

(C) Vibrational relaxation of polyatomic molecules. How does relative 
contribution of resonant and nonresonant (adiabatic) relaxation of 
polyatomic molecules depend on level of their vibrational exci- 
tation? Consider cases of excitation of independent vibrational 
modes and also transition to the quasi-continuum. Use relation 
(Equation 3.4.30) and discussions concerning transition to the 
quasi-continuum in Section 3.2.4. 

The resonant multiquantum VV-exchange. Estimate the small- 
ness of the double-quantum resonance VV-exchange AS (v=2)+ 
Av = 0) > Ag(v = 0) + A3 (v = 2) and triple-quantum resonance 
VV-exchange Až (v = 3) + A2(v = 0) > A2 = 0) + A30 = 3) in 
diatomic molecules, taking the matrix element factor (Qtcol)? = 
1078. 

The resonant VV-relaxation of anharmonic oscillators. How does the 
probability and hence the rate coefficient of the resonant VV- 
exchange in the case of relaxation of identical diatomic molecules 
A30 =n+1) + AZ(v =n) > A30 =n) + AZ =n-+1) depends 
on their vibrational quantum number. 

(C) Comparison of adiabatic factors for anharmonic VV- and VT-relaxation 
processes. As was shown in the discussion after Equations 3.5.5 and 
3.5.6, the adiabatic factors for anharmonic VV- and VT-relaxation 
processes are equal in one-component gases yy = yr. What is the 
reason of difference of the adiabatic factors in the case of collisions 
of nonidentical, anharmonic diatomic molecules? 

(C) VV-exchange of anharmonic oscillators provided by dipole interaction. 
Why should the long-distance forces usually be taken into account 
in the VV-relaxation of anharmonic oscillators only for exchange 
close to resonance? 

The nonresonant one-quantum VV’-exchange. Estimate the rate coeffi- 
cient of the nonresonant VV’ -exchange between a nitrogen molecule 
and another one (presented in Table 3.17) using the semi-empirical 
Rapp approximation. Compare the obtained result with the exper- 
imental data that can be found in Table 3.17. 

(C) VV-relaxation of polyatomic molecules. Explain based on Equa- 
tion 3.5.21 why excitation of high vibrational levels of polyatomic 
molecules in nonthermal discharges is much less effective than 
similar excitation of diatomic molecules. 

Rotational RT-relaxation. Using the Parker formula and data from 
Table 3.18, calculate the energy depth of the intermolecular attrac- 
tion potential T* and the probability of the RT-relaxation in pure 
molecular nitrogen at translational gas temperature 400 K. 
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35. Le Roy formula and the a-model. Derive the general Equation 3.7.1, 
describing stimulation of chemical reactions by vibrational excita- 
tion of molecules, averaging the Le Roy formula over the different 
values of translational energy Eş. Use the Maxwellian function for 
distribution of molecules over the translational energies. 

36. Semi-empirical methods of determination of activation energies. Esti- 
mate activation energy of at least one reaction from the group 
CH3 + RH —> CH4 +R using (a) the Polanyi-Semenov rule, (b) the 
Kagija method, and (c) the Sabo method. Compare the results and 
comment on them. Which method looks more reliable in this case? 

37. (C) Efficiency of vibrationally excited molecules in stimulation of endother- 
mic and exothermic reactions. Using the potential energy surfaces of 
exchange reactions A+ BC— AB +C, illustrate the conclusion of 
the Fridman—Macheret a-model stating that vibrational excitation 
of molecules is more efficient in stimulation of endothermic (than 
exothermic) reactions. 

38. Accuracy of the Fridman—Macheret a-model. Using Table 3.20 of the 
a-efficiency coefficients, determine the typical values of relative 
accuracy of application the Fridman—Macheret a-model for (a) 
endothermic, (b) exothermic, and (c) thermo-neutral reactions. 
Which of these three groups of chemical reactions of vibrationally 
excited molecules can be described by this approach more accu- 
rately and why? 

39. Contribution of translational energy in dissociation of molecules under 
nonequilibrium conditions. Using expression for the nonequilibrium 
factor Z of the Fridman—Macheret model, derive the formula for dis- 
sociation of molecules at translational temperature much exceeding 
the vibrational one. 

40. (C) Efficiency of translational energy in elementary endothermic reactions. 
According to Equation 3.7.17 and common sense (conservation of 
momentum and angular momentum), efficiency of translational 
energy in endothermic reactions should be less than 100%. It means 
that the effective dissociation energy in this case should exceed the 
real one. However, the Fridman—Macheret model permits the dis- 
sociation when total translational energy is equal to D. Explain the 
contradiction. 

41. (C) The Park model. Is it possible to apply the Park model for 
semi-empirical description of dissociation of diatomic molecules 
in nonequilibrium plasma, when Ty > To. Analyze effect of vibra- 
tional and translational temperatures in this case. 


4 


Plasma Statistics and Kinetics 
of Charged Particles 


4.1 Statistics and Thermodynamics of Equilibrium and 
Nonequilibrium Plasmas, the Boltzmann, Saha, 
and Treanor Distributions 


4.1.1 Statistical Distribution of Particles over Different States: The 
Boltzmann Distribution 


Consider an isolated system with total energy E, consisting of a large number 
of particles, N, in different states i. Number n; of particles is in the state i 
defined by a set of quantum numbers and energies E;: 


N= ye n, E= X Eini. (4.1.1) 
i i 


Collisions of the particles lead to continuous change of populations n;, but the 
total group follows the conservation laws (Equation 4.1.1) and the system is in 
thermodynamic equilibrium. The objective of the statistical approach in this 
case is to find the distribution function of particles over the different states i 
without having the details of probabilities of transitions between the states. 
Such statistical function can be derived in general because the probability to 
find n; particles in the state i is proportional to the number of ways in which 
this distribution can be arranged. The so-called thermodynamic probability 
W(n1, N2,...,Ni,...) is the probability to have nı particles in the state 1, n2 
particles in the state 2, and so on. It can be found taking into account that N 
particles can be arranged in N! different ways, but because n; particles have 
the same energy, this number should be divided by the relevant factor to 
exclude repetitions: 


N! N! 
Ni!No!...Ni!... TI 


W(11,N2,...,Ni,.--) (4.1.2) 


where A is the normalization factor. Let us find the most probable number of 
particles n;, when the probability W in Equation 4.1.2 as well as its logarithm 
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has the maximum: 
InW(n1,12,...,N;,...) = In(AN!) — 5 Inn;! 
i 
ni 
~ In(AN!) — > | In x dx. (4.1.3) 
i 9 


Achievement of the maximum of the function In W of many variables at a 
point, where n; are equal to the most probable numbers of particles nj requires 


ð In W 
0=>( ae Ves dn; = Ze aie (4.1.4) 


Differentiation of the conservation laws in Equation 4.1.1 gives 
\odap= 0, J Eidn;=0. (4.1.5) 
i i 


Multiplying the two parts in Equation 4.1.5 respectively by parameters —In C 
and 1/T and then adding Equation 4.1.4, yields 


(in ñi—lnC + 7) dn; = 0. (4.1.6) 


i 


This sum in Equation 4.1.6 is supposed to be equal to zero at any indepen- 
dent values of dn;. This is possible only if the expression is equal to zero, 
which brings us to the Boltzmann distribution function: 


E; 
ñi =C exp (-7) ; (4.1.7) 


where C is the normalizing parameter related to the total number of parti- 
cles and T is the statistical temperature of the system, related to the average 
energy per particle. As always in this book, the same units are used for energy 
and temperature. The expression in Equation 4.1.7 was derived for the case 
when the subscript “i” was related to the only state of a particle. If the state 


is degenerate, we should add into Equation 4.1.7 the statistical weight “g 
showing the number of states with the given quantum number: 


E; 
ñi = Cgj exp (-7) . (4.1.8) 


Way 


In this case, the subscript “j” corresponds to the group of states with the sta- 
tistical weight gj and energy t, j. The Boltzmann distribution can be expressed 
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then in terms of the number densities N; and No of particles in j states and 
the ground state designated by the subscript 0: 


8j ( 7) 
N;=N; —exp|-7F]. 4.1.9 
: So T ( ) 


In this relation, gj and go are the statistical weights of the j state and the 
ground state. The general Boltzmann distribution Equations 4.1.7 and 4.1.9 
can be applied to derive many specific distribution functions such as the 
Maxwell—Boltzmann (or just the Maxwellian) distribution (Equation 2.1.1). 


4.1.2 Equilibrium Statistical Distribution of Diatomic Molecules over 
Vibrational-Rotational States 


Vibrational levels of diatomic molecules are not degenerate and their energy 
with respect to the vibrational ground state is E, = hwv, when the vibra- 
tional quantum numbers are low (see Equation 3.2.3). Then, according to 
Equation 4.1.9 the number density of molecules with “v” vibrational quanta is 


hov 


Ny = Noexp (-) : (4.1.10) 


The total number density of molecules N is asum of the densities in different 
vibrational states: 


ie) —1 
N=) No=No I — exp (-=)| (4.1.10a) 


v=0 


Based on relation Equation 4.1.10a, the distribution of molecules over the 
different vibrational levels can be renormalized in the traditional way with 
respect to the total number density N of molecules: 


Ny =N h — exp (-=)| exp (-) (4.1.11) 


Now to find the Boltzmann vibrational-rotational distribution Nz, ( D J No = 


No), we should take into account Equation 3.2.19 for rotational energy (B « 
T), and the statistical weight for a rotational state with quantum number J, 
which is equal to 2J + 1. Thus, based on the general relation (Equation 4.1.9) 


Ny =NeQl+1) [1 - exp (-=)| exp ( eee). (4.1.12) 
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4.1.3 Saha Equation for lonization Equilibrium in Thermal Plasma 


The Boltzmann distribution (Equation 4.1.9) determines the ratio of number 
of electrons and ions ñe = n; to number of atoms 4 in a ground state, or in 
other words to describe the ionization equilibrium A* + e & A in plasma: 


ni _ gegi dpdr I + (p?/2m) 
na 8a | È: exp ( T )} (4.1.13) 


In this relation, I is the ionization potential; p is the momentum of a 
free electron, then I + (p*/2m) is the energy necessary to produce the elec- 
tron; ga, gi, and ge are the statistical weights of atoms, ions, and electrons; 
dpd7/(2h)? is the statistical weight corresponding to continuous spectrum, 
which is the number of states in a given element of the phase volume 
dpdr = dp,dpydpz dx dy dz. Integration of Equation 4.1.13 over the electron 


momentum gives 
= 3/2 
Ni gegi ( mT I | A 
= ~=) | az. 4.1.14 
m fa (i) exp ( =) ELTE 


Here m is an electron mass, and f dř = V /ñe is volume corresponding to one 
electron, V is the total system volume. Introducing the number densities of 
electrons Ne = ñe/V, ions N; = ñ;/V, and atoms N, = fta/V in Equation 4.1.14 
yields the Saha equation, describing the ionization equilibrium: 


NeNi Qegi ( mT 3/2 I 
z i 4.1.15 
Na ga aP) EIT eh) 


As can be estimated from Equation 4.1.15, the effective statistical weight of 
the continuum spectrum is very high. As a result, Saha equation predicts the 
very high values of degree of ionization Ne /Na, which can be close to unity 
even when the temperature is still much less than ionization potential T < I. 


4.1.4 Dissociation Equilibrium in Molecular Gases 


Saha equation 4.1.15 derived above for the ionization equilibrium At +e © 
A can be generalized to describe the dissociation equilibrium X + Y + XY. 
Relation between densities Nx of atoms X, Ny of atoms Y and Nyy of the 
molecules XY in the ground vibrational—rotational state can be written based 
on Equation 4.1.15 as 


3/2 D 
NxNy  _gx8y ( uT ) ae (-7). (4.1.16) 
Nxyv=0,J=0)  exy T 
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In this relation, gx, gy, and gxy are the corresponding statistical weights 
related to their electronic states; 1 is the reduced mass of atoms X and Y; 
D is the dissociation energy of the molecule XY. Most of the molecules are not 
in the ground state but in the excited state at the high temperatures typical for 
thermal plasmas. Substituting the ground state concentration Nxy(v = 0, J = 
0) in the relation (Equation 4.1.16) with the total concentration Nxy, and using 
Equation 4.1.12 


B 


Nxy@ = 0,J =0) = f exp ( 7) 7Nxy (4.1.17) 


the final statistical relation for the equilibrium dissociation of molecules is 
obtained 


NxNy &X8Y uT y B ho D 
2 1 os ee ae! 
Nxy oxy (r) TL OPM TOP er eile) 


4.1.5 Equilibrium Statistical Relations for Radiation, the Planck Formula, 
and the Stefan—Boltzmann Law 


According to the general expression of the Boltzmann distribution function 
(Equation 4.1.7), the relative probability to have n photons in a state with 
frequency w is equal in equilibrium to exp(—fwn). The average number of 
photons in the state with frequency w can be found then in the form of the 
so-called Plank distribution: 


- _ do, nexp(—hon/T) _ 1 
“ X exp(—ħon/T) — exp(hm/T) — 1° 


(4.1.19) 


The electromagnetic energy in the frequency interval (w, œ + dw) and in 
volume V can be then expressed as energy of the na photons in one state, 
hwn,, multiplied by the number of states in the given volume of the phase 
space 2V dk /(21)° (the factor 2 is related here to the number of polarizations 
of electromagnetic wave): 


Vdk 


W 
E| V, —— ]= 4.1.2 
i ( w + z) ( 0) 
Using relation (Equation 4.1.20) and the dispersion relation w = kc (c is the 
speed of light), the Plank distribution (Equation 4.1.19) can be rewritten in 


terms of the spectral density of radiation 


U= 1 dE(V, w/(w + do)) 
2. V dw í 
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which is the electromagnetic radiation energy taken per unit volume and unit 
interval of frequencies 


ho? _ hw? 
Uw = alo = 3G : 
TEC m“c°[exp(hw/T) — 1] 


(4.1.21) 


This is the Planck formula for the spectral density of radiation. The Planck 
formula at a high temperature limit hw/T « 1 gives the classical Rayleigh- 
Jeans formula, which does not contain the Planck constant h 


oT 
Ua = PE) (4.1.22) 


and ata low temperature limit hw/T < 1,it gives the Wien formula describing 
the exponential decrease of radiation energy 


ħo’ hw 
We = 23 exp (-=) . (4.1.23) 


The Planck formula (Equation 4.1.21) permits calculating the total equilib- 
rium radiation flux falling on the surface. In the case of a black body, this is 
equal to the radiation flux from the surface: 


= oT". (4.1.24) 


T 274 
nT 

Ua dw = —~- 

| = 60c2hE 

0 


This is the Stefan—Boltzmann law, with the Stefan—Boltzmann coefficient o: 


x2 W 
= —— = 5.67 x 107” l 
= eR 4 cm?K4 


(4.1.25) 


4.1.6 Concepts of Complete Thermodynamic Equilibrium and Local 
Thermodynamic Equilibrium for Plasma Systems 


In plasma systems, complete thermodynamic equilibrium (CTE) is related 
to uniform homogeneous plasma in which the kinetic and chemical equi- 
librium as well as all the plasma properties are unambiguous functions of 
temperature. This temperature is supposed to be homogeneous and the same 
for all degrees of freedom, for all the plasma system components, and for all 
their possible reactions. In particular, the following five equilibrium statisti- 
cal distributions described above obviously should take place with the same 
temperature T: 
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1. The Maxwell-Boltzmann velocity or translational energy distribu- 
tions (Equation 2.1.1) for all neutral and charged species that exists 
in the plasma 


2. The Boltzmann distribution equations (Equations 4.1.9 and 4.1.12) for 
the population of excited states for all neutral and charged species 
that exist in the plasma 


3. The Saha equation (Equation 4.1.15) for ionization equilibrium to 
relate the number densities of electrons, ions, and neutral species 


4. The Boltzmann distribution equation (Equation 4.1.18) for dissoci- 
ation or more generally the thermodynamic relations for chemical 
equilibrium 

5. The Plank distribution equation (Equation 4.1.19) and Plank formula 
(Equation 4.1.21) for spectral density of electromagnetic radiation. 


Plasma in the CTE conditions cannot be practically realized in the labo- 
ratory. Nevertheless, thermal plasmas sometimes are modeled in this way 
for simplicity. To imagine plasma in the CTE conditions one should con- 
sider a very large plasma volume such that the central part is homogeneous 
and does not have boundaries. In this case, the electromagnetic radiation 
of the plasma can be considered as a black body radiation with plasma 
temperature. Actual (even thermal) plasmas are quite far from these ideal 
conditions. Most plasma is optically thin over a wide range of wavelengths 
and, as a result, the plasma radiation is much less than that of a black 
body. Plasma nonuniformity leads to irreversible losses related to con- 
duction, convection and diffusion, which also disturb the CTE. A more 
realistic approximation is the so-called local thermodynamic equilibrium 
(LTE) According to the LTE-approach, thermal plasma is considered opti- 
cally thin and hence radiation is not required to be in equilibrium. However, 
the collisional (not radiative) processes are required to be locally in equi- 
librium similar to that described above for CTE but with a temperature 
T, which can differ from point to point in space and time, see Boulos 
et al. (1994). 


4.1.7 Partition Functions 


Determination of the thermodynamic plasma properties, free energy, 
enthalpy, entropy, and so on at first requires calculation of the partition func- 
tions, which are the links between microscopic statistics and macroscopic 
thermodynamics. Their calculation is an important statistical task (see, e.g., 
Mayer and Mayer, 1966), which should be accomplished to simulate different 
plasma properties. The partition function Q of an equilibrium particle system 
at the equilibrium temperature T in general can be expressed as a statisti- 
cal sum over different states s of the particle with energies E; and statistical 
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weights gs: 
E 
Q=} gsexp (-7) (4.1.26) 
S 


The translational and internal degrees of freedom of the particles can be 
considered as independent. Then, their energy can be expressed as the sum 
Es = EY + E"! and the partition function as a product of translational and 
internal partition functions. In this case, for particles of a chemical species i 
and plasma volume V: 


. mT \/2 ; 
Qi = QF Q7" = ( = ) vo", (4.1.27) 

If the translational partition function in Equation 4.1.27 implies calculation 
of the continuous spectrum statistical weight; the partition functions of inter- 
nal degrees of freedom (including molecular rotation and vibration) depends 
on the system characteristics (Landau and Lifshitz, 1967). A particular numer- 
ical example of the partition functions of nitrogen atoms and ions is presented 
in Figure 4.1. 


4.1.8 Thermodynamic Functions of Thermal Plasma Systems 


If the total partition function Qro of all the particles is known the different 
thermodynamic functions can be calculated. For example, the Helmholtz free 
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FIGURE 4.1 

Partition function of nitrogen atoms and ions. (Adapted from Boulos, M.I., P. Fauchais, and 
E. Pfender, 1994. Thermal Plasmas. Fundamentals and Applications, Plenum Press, New York, 
London.) 
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energy F related to a reference free energy Fo is (Landau and Lifshitz, 1967) 
F = Fo — T In Qot- (4.1.28) 


If the system particles are noninteracting (the ideal gas approximation), 
then the total partition function can be expressed as a product of partition 
functions Q; of a single particle of a component i: 


nen 
I Nit 


where N; is the total number of particles of the species i in the system. 
Using Stirling’s formula for factorial (In N! = N InN — N), and substituting 
the expression for the partition function Equation 4.1.29 into Equation 4.1.28, 
the final formula for calculation of the Helmholtz free energy of the system 
of noninteracting particles (“e” is the base of natural logarithms): 


Qtot = 


(4.1.29) 


F = Fo- NT In ae. (4.1.30) 
A 1 
1 


Other thermodynamic functions can be easily calculated based on relation 
(Equation 4.1.30). For example, the internal energy U can be found as 


a(F/T 3 3 In Q!” 
u= Uy +7? (2E) =N; srr nQ; ) | (4131) 
VN; i T,Ni 


oT 2 aV 


Also pressure p can be found from Equation 4.1.30 and the differential 
thermodynamic relations 


= [aE a a (alnQi 
p=-( T ) =r a E (4.1.32) 


The above relations do not take into account interactions between particles. 
Ion and electron number densities grow at higher temperatures of thermal 
plasmas, the Coulomb interaction becomes important and should be added 
to the thermodynamic functions. The Debye model (see, e.g., Drawin, 1972) 
provides the Coulomb interaction factor term to Equation 4.1.30: 


3/2 
Qe TV [ @ 5 
F=Fo—) NTI ZN; : 4.1. 
2 2 DONN, 2r oy 7i i a 
Here Z; is the number of charges of species i (for electrons Z; = —1). This 


Debye correction in the Helmholtz free energy F obviously leads to corrections 
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of the other thermodynamic functions. Thus, for example, the Gibbs energy 
G with the Debye correction becomes 


3/2 
Qi TV[/ è > 
= Go- Y‘N,TI Z2N;) . 4.1.34 
Pe ANET, Z(E 2N; (4.1.34) 


The relation for pressure (Equation 4.1.32) with the Debye correction should 
also be modified from the case of ideal gas as 


NT 2 Tf eS Ve 
Pa ae ae (5 2 z Ni) . (4.1.35) 

Numerically, the Debye correction becomes relatively important (typically 
around 3%) at temperatures of thermal plasma about 14,000-15,000 K. The 
thermodynamic functions help to calculate the chemical and ionization com- 
position of thermal plasmas. Examples of such calculations can be found in 
Boulos et al. (1994). Numerous thermodynamic results related to the equilib- 
rium chemical and ionization composition can be found through the use of 
handbooks (e.g., Souris, 1985; Nester et al., 1988). 


4.1.9 Nonequilibrium Statistics of Thermal and Nonthermal Plasmas 


Correct description of the nonequilibrium plasma systems and processes 
requires application of detailed kinetic models. Application of statistical mod- 
els in this case can lead to huge deviations from reality, as was demonstrated 
by Slovetsky (1980). However, statistical approaches can be not only simple, 
but also quite successful in description of the nonequilibrium plasma systems. 
Several examples on the subject will be discussed below. The first example is 
related to thermal discharges with small deviation of the electron tempera- 
ture from the temperature of heavy particles. Such a situation can take place 
in boundary layers separating quasi-equilibrium plasma from electrodes and 
walls. In this case, two-temperature statistics and thermodynamics can be 
developed (see, e.g., Boulos et al., 1994). These models suppose that partition 
functions depend on both electron temperature and temperature of heavy 
particles. Electron temperature in this case determines the partition functions 
related to ionization processes; chemical processes are in turn determined 
by the temperature of heavy particles. The partition functions found in such 
a way can be then used to calculate the free energy, Gibbs potential and, 
finally, composition and thermodynamic properties of the two-temperature 
plasma. An example of such a calculation of composition in two-temperature 
Ar-plasma is given in Figure 4.2. This approach is valid only for low level of 
nonequilibrium. The second example of application of nonequilibrium statis- 
tics is related to nonthermal plasma gasification of solid surfaces stimulated 
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FIGURE 4.2 
Dependence of the number densities of Ar and Art on electron temperature at atmospheric 
pressure for two-temperature plasma with 0 = Te/To = 1, 2, 3, and 6. 


by particles B excited in nonthermal discharges, predominantly in one specific 
state (Veprek, 1972; Legasov et al., 1978): 


A(solid) + bB x (gas) —> cC(gas). (4.1.36) 


In this case, deviation from the conventional equation for the equilibrium 
constant 


(Qo): 


zx 4.1.37 
Qa (Qp)? ( ) 


is related only in a more general form of definition of the partition functions. 
Differences in temperatures such as translational T;, rotational T,, and vibra- 
tional T,, as well as the nonequilibrium distribution function (population) 
fX (ež) of electronically excited states should be taken into account for each 
reactant and product X = A, B, C: 


Qx => eo) Y [| shexp (5). (4.1.38) 
e k 


(t,7,0) k=t,r,0 


Here g and e are the statistical weights and energies of corresponding states. 
Introduction of three temperatures can lead to internal inconsistencies. The 
statistical approach can be applied in a consistent way for reaction (Equa- 
tion 4.1.36), if the nonthermal plasma stimulation of the process is limited 
to the electronic excitation of a single state of a particle B with energy Ep. 
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The population of the excited state can then be expressed by the 8-function 
and the Boltzmann factor with an effective electronic temperature T*: 


FB (eB) = (e — Ep) exp (-2) (4.1.39) 


Other degrees of freedom of all the reaction participants are considered 
actually in quasi-equilibrium with the gas temperature To: 


ee a ee To: (4.1.40) 
In the framework of a single excited state approach, in particular, the “quasi- 


equilibrium constant of the nonequilibrium process,” Equation 4.1.36 can be 
estimated as 


bE 
K © exp | F [(AH — AFA) hEn] = Ko exp 7 (4.1.41) 


In this relation, AH is the reaction enthalpy, AF4 is the free energy change 
corresponding to heating to To, Ko is the equilibrium constant at temperature 
To. As one can see from Equation 4.1.41, the equilibrium constant can be 
significantly increased due to the electronic excitation and the equilibrium 
significantly shifted toward the reaction products. 


4.1.10 Nonequilibrium Statistics of Vibrationally Excited Molecules: The 
Treanor Distribution 


The equilibrium distribution of diatomic molecules over the different vibra- 
tionally excited states follows the Boltzmann formulas (Equations 4.1.10 and 
4.1.11) with temperature T. Vibrational excitation of diatomic molecules in 
nonthermal plasma can be much faster than the vibrational VT-relaxation 
rate. As a result, the vibrational temperature Ty of the molecules in plasma 
can essentially exceed the translational temperature To. The vibrational tem- 
perature in this case is usually defined in accordance with Equation 4.1.10 by 
the ratio of populations of ground state and the first excited level: 


ho 


Ere 4.1.42 
In(No/Np era 


To 


The diatomic molecules can be considered as harmonic oscillators Equa- 
tion 3.2.3 for not very large levels of vibrational excitation. In this case, the 
VT-relaxation can be neglected with respect to the VV-exchange of vibrational 
quanta and the VV-exchange is absolutely resonant and not accompanied by 
energy transfer to translational degrees of freedom. As a result, the vibra- 
tional degrees of freedom are independent from the translational ones, and 
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the vibrational distribution function follows the same Boltzmann formu- 
las (Equations 4.1.10 and 4.1.11) but with the vibrational temperature Ty 
(Equation 4.1.42) exceeding the translational temperature To. An interest- 
ing nonequilibrium phenomenon takes place if the anharmonicity of the 
diatomic molecules is taken into account. In this case, the one-quantum VV- 
exchange is not completely resonant; the translational degrees of freedom 
become involved in the vibrational distribution, which results in strong devi- 
ation from the Boltzmann distribution. Considering vibrational quanta as 
quasi-particles, and using the Gibbs distribution with a variable number 
of quasi-particles v, the relative population of the vibrational levels can be 
expressed (Kuznetzov, 1971) as 


=e 
N, = Noexp ( -> }. (4.1.43) 
p Th 


In this relation, the parameter u is the chemical potential; E, is energy 
of the vibrational level v taken with respect to the zero level. Comparing 
Equations 4.1.43 and 4.1.44, the effective chemical potential u of a quasi- 


particle is found 
T 
u = ho (1 = 2) (4.1.44) 


From the Gibbs distribution (Equation 4.1.43), chemical potential (Equa- 
tion 4.1.44) and definition of the vibrational temperature (Equation 4.1.42), the 
distribution of vibrationally excited molecules over different vibrational lev- 
els can be expressed in the form of the famous Treanor distribution function: 


(4.1.45) 


Ty To 


h hwv? 
fO, To To) = Bexp (- — p een | 


Here xe is the coefficient of anharmonicity and B is the normalization factor 
of the distribution. A comparison of the parabolic-exponential Treanor dis- 
tribution with the linear exponential Boltzmann distribution is illustrated in 
Figure 4.3. The Treanor distribution function was first derived statistically by 
Treanor et al. (1968). When T, > To it shows that the population of the highly 
vibrationally excited levels can be many orders of value higher than predicted 
by the Boltzmann distribution even at vibrational temperature (Figure 4.3). 
The Treanor distribution (or the Treanor effect) explains in particular the very 
high rates and high energy efficiency of chemical reactions stimulated by 
vibrational excitation in plasma. The Treanor distribution function (Equa- 
tion 4.1.45) can be transformed back to the traditional form of the Boltzmann 
distribution in the following two situations. First, if the molecules can be con- 
sidered as harmonic oscillators and the anharmonicity coefficient is zero, that 
is, Xe = 0, then Equation 4.1.45 gives the Boltzmann distribution: 


f(@) = Bexp (-=) = Bexp (-) 
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FIGURE 4.3 
Comparison of the Treanor and Boltzman distribution functions. 


even if the vibrational and translational temperatures are different. Second, 
if the translational and vibrational temperatures are equal T, = To =T, 
the Treanor distribution (Equation 4.1.45) converts back to the Boltzmann 
function: 


ħov  xeħov? 
T)=B -— 
f,T) exp ( T + T ) 


5 ( eaget) e( 3) 
= exp Se X ex cory à; 
T T 


Physical interpretation of the Treanor effect can be illustrated by the col- 
lision of two anharmonic oscillators, presented in Figure 4.4. First recall the 
VV-exchange of harmonic molecules. Here, the resonant inverse processes of 
quantum transfer from a lower excited harmonic oscillator to a higher excited 
one and back are not limited by translational energy and as a result have 
the same probability. That is the reason why the population of vibrationally 
excited harmonic molecules keeps following the Boltzmann distribution even 
when the vibrational temperature in nonthermal plasma greatly exceeds the 
translational temperature. In contrast, the VV-exchange of anharmonic oscil- 
lators (see Figure 4.4) under conditions of a deficiency of translational energy 
(T, > To) gives priority to a quantum transfer from a lower excited anhar- 
monic oscillator to a higher excited one. The reverse reaction (a quantum 
transfer from a higher excited oscillator to a lower excited one) is less favor- 
able because to cover the anharmonic defect of vibrational energy requires 
translational energy which cannot be provided effectively if T, > To. Thus, the 


(4.1.46) 
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FIGURE 4.4 
Overpopulation of highly vibrationally excited states (Treanor effect) in nonequilibrium plasma 
chemistry. 


molecules having larger number of vibrational quanta keep receiving more 
than those with small number of quanta. In other words, the rich molecules 
become richer and the poor molecules become poorer. That is why the Treanor 
effect of overpopulation of highly excited vibrational states in nonequilib- 
rium conditions is sometimes referred to as “the capitalism in molecular life.” 
The exponentially parabolic Treanor distribution function has a minimum at 
a specific number of vibrational quanta: 


Dn (4.1.47) 


The “Treanor minimum” corresponds to low levels of vibrational excitation 
only if the vibrational temperature greatly exceeds the translational temper- 
ature. In equilibrium T, = To = T, and point of the Treanor minimum goes 
beyond the physically possible range of the vibrational quantum numbers 
(Equation 3.2.6) for diatomic molecules. Population of the vibrational level 
corresponding to the Treanor minimum can be found from Equations 4.1.45 
and 4.1.47 as 


ho T 
Ti 0 
fimin (Tv To) = B exp (- cr) l (4.1.48) 


At vibrational levels higher than the Treanor minimum (Equation 4.1.47), 
the population of vibrational states according to the Treanor distribution 
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(Equation 4.1.45) becomes inverse, which means that the vibrational levels 
with higher energy are more populated that those with lower energy. This 
interesting effect of inverse population takes place in nonthermal discharges 
of molecular gases and, in particular, plays an important role in CO lasers. 
According to the Treanor distribution, the population of states with high 
vibrational quantum numbers is growing without limitation (see Figure 4.3). 
This unlimited growth is not physically realistic. Deriving the Treanor dis- 
tribution, the VT-relaxation with respect to the VV-exchange was neglected, 
which is correct only at relatively low levels of vibrational excitation (see 
Equations 3.5.9 and 3.5.10). The VT-relaxation prevails at large vibrational 
energies and causes the vibrational distribution function to fall exponentially 
in accordance with the Boltzmann distribution function corresponding to the 
translational temperature To. Description of this effect is beyond the statisti- 
cal approach and requires analysis of the kinetic equations for vibrationally 
excited molecules. 


4.2 Boltzmann and Fokker—Planck Kinetic Equations: 
Electron Energy Distribution Functions 


4.2.1 Boltzmann Kinetic Equation 


Consider the evolution of a distribution function f (F, V, t) in the 6D phase 
space (r, ©) of particle positions and velocities. Quantum numbers related to 
internal degrees of freedom are not included because of primary interest in 
the electron distributions. In the absence of collisions between particles 


df f@¢+dr, 0+ do,t+dt) —f(, v, t 
dt dt 


(4.2.1) 


Taking into account that in the collisionless case, the number of particles in 
a given state is fixed: 


where m is the particle mass and F is an external force, we can rewrite 
Equation 4.2.1 as 


df _ of , of F af 
= 0. 4.2.2 
dt dt ++ as 9 ( ) 


The external electric E and magnetic B forces for electrons can be introduced 
in the relation as F = —e(E +0 x B). It brings us from Equation 4.2.2 to the 
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collisionless Vlasov equation: 


0 T > a 3 
A +3Vif — ë +3 x B) Vaf =0. (4.2.3) 


Here the operators V, and V, denote the electron distribution function gra- 
dients related to space and velocity coordinates. Binary collisions between 
particles are very important in kinetics. Since they occur over very short 
time, velocities can be changed practically “instantaneously,” and df/dt is no 
longer zero. The corresponding evolution of the distribution function can be 
described by adding the special term Ico (f), the so-called collisional integral, 
to the kinetic equation 4.2.2: 


FY vet EIS = laf) (4.2.4) 

This is the well-known Boltzmann kinetic equation, which is used the most 

to describe the evolution of distribution functions and to calculate differ- 

ent macroscopic kinetic quantities. The collisional integral of the Boltzmann 

kinetic equation (see, e.g., Lifshitz and Pitaevsky, 1979) is a nonlinear function 
of f (0) and can be presented as 


1 
L= | FOYO- dodo (425) 


where vı and v are velocities before collision, v) and v’ are velocities after 
collision (all the velocities in this expression are vectors); ¢ is a parameter 
proportional to the mean free path ratio to the typical system size, dw is the 
area element in the plane perpendicular to the (vj — v) vector. In equilibrium, 
the collisional integral (Equation 4.2.5) should be equal to zero, which requires 
the relation between velocities: 


FIFO) =fOfl1) or Info’) +inf) =Inf(v) + Inf). (4.2.6) 


This relation corresponds to the conservation of kinetic energy during the 
elastic collision: 


mv’)? mo) mo? mo 
5. => + a (4.2.7) 


and explains the proportionality In f x mv?/2, which leads to the equilibrium 
Maxwell distribution function of particles at equilibrium: 


2 
fo() = Bexp (- =| (4.2.8) 
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After calculation of the normalization factor B, the final form of the equi- 
librium Maxwellian (or Maxwell—Boltzmann) distribution of particles over 
translational energies is 


3/2 2 
fo = (2) (28). (4.28) 


This relation corresponds to the earlier considered Maxwell—Boltzmann 
distribution of electrons over translational energies (Equation 2.1.1). The 
nonequilibrium ideal gas entropy (including some restrictions in the case 
of gas of the plasma electrons) can be expressed by the following integral: 


= | fin pa (4.2.10) 


Differentiating the entropy equation 4.2.10 and taking into account the 
Boltzmann kinetic equation 4.2.4, the time evolution of the entropy is given 
by 

ds 


F=- fin f Teo f) dB. (4.2.11) 


In equilibrium, when the collisional integral I,9;(f) (Equation 4.2.5) is equal 
to zero, the entropy reaches its maximum value, which is known as the 
Boltzmann H-Theorem. 


4.2.2 1-Approximation of the Boltzmann Kinetic Equation 


As seen from Equations 4.2.4 and 4.2.5, the most informative part of the 
Boltzmann equation is the collisional integral. Unfortunately, expression 
(Equation 4.2.5) of the collisional integral is quite complicated. Several 
approximations have been developed to simplify the calculations. The 
simplest one is the so-called t-approximation: 


Too (f) = = (4.2.12) 


The t-approximation is based on the fact that the collisional integral should 
be equal to zero when the distribution function is Maxwellian (Equation 4.2.9 
or 2.1.1). The characteristic time of evolution of the distribution function 
is the collisional time q (the reverse collisional frequency (Equation 2.1.4). 
The Boltzmann equation in the framework of the t-approximation becomes 
simple: 


ot T 


E i (4.2.13) 
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with the solution exponentially approaching the Maxwellian distribution 
function fo: 


5 3 t 
f@,t) = fo + [f Ë, 0) — folexp (--) (4.2.14) 


Here f(v,0) is the initial distribution function. Obviously, the qt- 
approximation is just a very simplified but useful approach. Details about the 
Boltzmann equation and its solutions can be found in particular in Lifshitz 
and Pitaevsky (1979). 


4.2.3 Macroscopic Equations Related to the Kinetic Boltzmann Equation 


Integrate the kinetic Boltzmann equation 4.2.4 over the particle velocity. Then 
the right-hand side of the resulting equation (the integral of Ico] over velocities) 
represents the total change of the particles number in a unit volume per unit 
time “G-L” (rate of generation minus rate of losses): 


[az + [= (2) + JER = G-L. (4.2.15) 


m jJ 00 


If a given volume does not include particle formation or loss, the right-hand 
side of the equation is equal to zero. The distribution function is normalized 
here on the number of particles, then f f dv = n (where n is the number density 
of particles) and the first term in Equation 4.2.15 corresponds to dn/dt. The 
particle flux is defined as f of dv = nu, where ŭ is the particle mean velocity, 
which is normally referred to as the drift velocity In this case, the second term 
in Equation 4.2.15 is equal to d(ni)/d7. The third term in Equation 4.2.15 is 
equal to zero, because at infinitely high velocities, the distribution function is 
equal to zero. As a result, relation (Equation 4.2.15) can be expressed as 


= + Vr(nŭ) = G-L. (4.2.16) 
This relation reflects the particle conservation and is known as the continuity 
equation. Again the right-hand side of the equation is equal to zero if there 
are no processes of particle generation and loss. The momentum conservation 
equation can be derived in a similar manner. In this case, the Boltzmann equa- 
tion should be multiplied by ý and then integrated over velocity, which for 
the gas of charged articles gives (see derivation, e.g., in Krall and Trivelpiece, 
1973) 


5 


0 a Re 4 a > 
mn É + (u x viii = qn(E+u x B) — V * I + Fog. (4.2.17) 
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The second term from the right-hand side is the divergence of the pressure 
tensor I, which can be replaced in plasma by pressure gradient Vp; q is the 
particle charge, E and B are the electric and magnetic fields. The last term Fo; 
represents the collisional force, which is the time rate of momentum transfer 
per unit volume due to collisions with other species i. The collisional force 
for plasma electrons and ions are usually due to collisions with neutrals. The 
Krook collision operator can approximate the collisional force by summation 
over the other species 1: 


Fog) = — YO mnym — ij) — mii(G — L). (4.2.18) 


1 


In this relation, vm; is the momentum transfer frequency for collisions with 
the species i, u, and uj are the mean or drift velocities. The first term in the 
Krook collision operator can be interpreted as “friction.” The second term 
corresponds to the momentum transfer due to creation or destruction of par- 
ticles and is generally small. Equation 4.2.17 for plasma in electric field can be 
simplified considering only neutral species in the Krook operator, assuming 
they are at rest (u; = 0), and also neglecting the inertial force ((u x V)u = 0. This 
results in the most common form of the momentum conservation equation: 


ð > 1 7 
m "qÈ aP MV yl. (4.2.19) 


Finally, the energy conservation equation for the electron and ion fluids 
can be derived by multiplying the Boltzmann equation by (1/2)mv? and 
integrating over velocity: 


3 (3 Bei 5 >- 0d (3 
ale V*> V Sa 3 ae 
at (Sr) + * zP) +p xu +V*q a (SP) (4.2.20) 


In this relation, q is the heat flow vector, (3/2)p corresponds to the energy 
density, and the term (0/dt)[(3/2)P]coi represents changes of the energy den- 
sity due to collisional processes, including ohmic heating, excitation, and 
ionization. The energy balance of the steady-state discharges can be usually 
described by the simplified form of Equation 4.2.20: 


3). a (3 
V% z (pu) = J G) (4.2.21) 


which balances the macroscopic energy flux with the rate of energy change 
due to collisional processes. 
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4.2.4 Fokker-Planck Kinetic Equation for Determination 
of Electron Energy Distribution Functions 


The Boltzmann kinetic equation obviously can be used for determining the 
electron energy distribution functions in different nonequilibrium conditions 
(see, e.g., appendix in Lieberman and Lichtenberg, 1994). Better physical 
interpretation of the evolution of the electron energy distribution function 
evolution can be presented using the Fokker—Planck approach. The evolution 
of the electron energy distribution function is considered in the framework 
of this kinetic approach as an electron diffusion and drift in the space of elec- 
tron energy (see, e.g., Rusanov and Fridman, 1984; Raizer, 1991). To derive 
the kinetic equation for the electron energy distribution function f (e) in the 
Fokker—Planck approach, consider the dynamics of energy transfer from the 
electric field to electrons. Suppose that most of the electron energy obtained 
from the electric field is then transferred to neutrals through elastic and inelas- 
tic collisions. Let an electron have a velocity y after a collision with a neutral 
particle. Then the electron receives an additional velocity during the free 
motion between collisions (see illustration in Figure 4.5): 


= 


eE 


£ 
MVen 


p= (4.2.22) 


which corresponds to its drift in the electric field É. Here, ven is frequency of 
the electron-neutral collisions, e and m are the electron charge and mass. The 
corresponding change in the electron kinetic energy between two collisions 
is equal to 


1 5 4 sa fas 
Ae = 5m +)? — mv? = moi + smi’. (4.2.23) 


Usually the drift velocity is much lower than the thermal velocity u « v, 
and the absolute value of the first term mvu in Equation 4.2.23 is much greater 
than that the second one. However, the thermal velocity vector ý is isotropic, 
and the value of mvu can be positive and negative with the same probability. 
The average contribution of the term into Ae is equal to zero, and the average 
electron energy increase between two collisions is related only to the square 
of drift velocity: 


Pics 
(Ae) = zm’. (4.2.24) 


Comparing relations (Equations 4.2.23 and 4.2.24) brings us to the conclu- 
sion that the electron motion along the energy spectrum (or in energy space) can be 
considered as a diffusion process. An electron with energy £ = (1/2)mv* receives 
or loses per one collision an energy portion about “mvu,” depending on the 
direction of its motion—along or opposite to the electric field (see Figure 4.5). 
The energy portion “mvu” can be considered in this case as the electron “mean 
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FIGURE 4.5 
Electron diffusion and drift in energy space. 


free path along the energy spectrum” (or in the energy space). Taking into 
account also the possibility of an electron motion across the electric field, the 
corresponding coefficient of electron diffusion along the energy spectrum can 
be introduced as 
D: = 5 (01) Ven = = mu? E Ven- (4.2.25) 
Besides the diffusion along the energy spectrum, there is also the drift in the 
energy space, related to the permanent average energy gain and losses. Such 
energy consumption from the electric field is described by Equation 4.2.24. 
The average energy loss per one collision is mostly due to the elastic scat- 
tering (2m/M)e and the vibrational excitation Pey (£) hw of molecular gases. 
Here M and m are the neutral particle mass and electron mass, Pey(e) is the 
probability of vibrational excitation by electron impact. The above-mentioned 
three effects define the electron drift velocity in the energy space neglecting 
the super-elastic collisions: 


ao 2 
re k — Te — Pev() ho | ven. (4.2.26) 


The electron energy distribution function f (e) can be considered as a number 
density of electrons in the energy space and can be found from the continu- 
ity equation 4.2.16, surely also in the energy space. Based upon expression 
(Equation 4.2.25) for diffusion coefficient and drift velocity (Equation 4.2.26), 
such a continuity equation for an electron motion along the energy spectrum can be 
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presented as the Fokker—Planck kinetic equation: 


ge)? jo © fe) n|; (4.2.27) 


ot de 


The Fokker-Plank kinetic equation for electrons is obviously much easier 
to interpret and to solve for different nonequilibrium plasma conditions than 
the general Boltzmann kinetic equation in Equation 4.2.4. 


4.2.5 Different Specific Electron Energy Distribution Functions: 
Druyvesteyn Distribution 


The steady-state solution of the Fokker-Planck equation 4.2.27 for the elec- 
tron energy distribution function in nonequilibrium plasma, corresponding 
to f (€ > oo) = 0 and (df/de)(e > œœ) = 0 is 


€ 


fe) = B exp | | Ee! : (4.2.28) 
0 A 


where B is the pre-exponential normalization factor. Using expressions (Equa- 
tions 4.2.25 and 4.2.26) for the diffusion coefficient and drift velocity in the 
energy space in relation (Equation 4.2.28), we can rewrite the electron energy 
distribution function in the following integral form: 


È 
3m? M ho ‘ 


0 


This distribution function for the constant electric field can be generalized 
to the alternating field. In this case, the electric field strength E should be 
replaced in Equation 4.2.29 by the effective strength: 


2 
E2,, = pP n, 4.2.30 
eff w2 of vey ( ) 


In this relation, E is the average value of the electric field strength and w 
is the field frequency. From Equation 4.2.30, the electric field can be consid- 
ered as quasi-constant at room temperature and pressure 1 Torr if frequencies 
w < 2000 MHz. Consider four specific distribution functions that can be 
derived after integration of Equation 4.2.29, and corresponding to specific 
energy dependences Ven (£) and Pey (e): 


1. Maxwellian distribution: For atomic gases, the elastic collisions 
dominate electron energy losses (Pey « (2m/M)(e/hw)) and the 
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electron-neutral collision frequency can be approximated as constant 
Ven(£) = const, then integration of Equation 4.2.29 gives the 
Maxwellian distribution (Equation 2.1.1) with 


e2E2M 


= 4.2.31 
3m? va ( ) 


e 


2. Druyvesteyn distribution: If the elastic collisions dominate the electron 
energy losses, but rather than the collision frequency, the electron 
mean free path ^ is taken as constant Ven = v/X, then integra- 
tion of Equation 4.2.29 gives the exponential-parabolic Druyvesteyn 
distribution function, derived in 1930: 


3 2 
fle) =B exp Eza . (4.2.32) 


The Druyvesteyn distribution is decreasing with energy much 
faster than the Maxwellian one for the same mean energy. It is well 
illustrated in Figure 4.6. Equation 4.2.32 also leads to an interesting 
conclusion. The value eE in the Druyvesteyn exponent corresponds 
to the energy that an electron receives from the electric field during 
one mean free path à along the field. As can be seen from Equa- 
tion 4.2.32, this requires from an electron about VM/m ~ 100 of the 
mean free paths à along the electric field to get the average electron 
energy. 


3. Margenau distribution: This distribution takes place in conditions sim- 
ilar to those of the Druyvesteyn distribution, but in an alternating 
electric field. Based on Equations 4.2.29 and 4.2.30, integration yields 


A fle) 


Druyvesteyn 


vo 


FIGURE 4.6 

Maxwell and Druyvesteyn distribution functions at the same value of the mean energy (statistical 
weight effect related to the pre-exponential factor B and resulting in f (0) = 0 are also taken here 
into account). 
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the Margenau distribution function for electrons in high frequency 
electric fields: 


f(e) = Bexp |- Sm ae (+e mo?) (4.2.33) 
This was first derived in 1946. The Margenau distribution function 
(Equation 4.2.33) obviously corresponds to the Druyvesteyn distri- 
bution (Equation 4.2.32), if the electric field frequency is equal to zero, 

w = 0. 

4. Distributions controlled by vibrational excitation: The influence of vibra- 
tional excitation of molecules by electron impact on the electron 
energy distribution function is very strong in molecular gases (Pey « 
(2m/M)(e/hw)). If itis assumed that Pey (£) = const over some energy 
interval £1 < £ < £2, and similarly to the Druyvesteyn conditions: 
dh = const (Ven = V/A), then the electron energy distribution function 
in the energy interval £1 < £ < £2 can be presented as 


Pook 
SF evo | (4.2.34) 


f(e) x exp | (CEN? € 

Outside of this energy interval, the Druyvesteyn distribution (Equa- 
tion 4.3.32) takes place. Comparing relations (Equations 4.2.32 and 4.2.34), it 
should be taken into account that the vibrational excitation of molecules pro- 
vides higher electron energy losses than elastic collisions (Peyhw >> (m/M)e). 
This means that there is a reduction of the electron energy distribution func- 
tionin the energy intervale < £ < £2, related to the vibrational excitation. This 
sharp decrease of the distribution function can be described by the following 
small factor: 


_ fe) dy _ 2M £2 — £1 
dy = Fea x exp ( = Pevhw ray J: (4.2.35) 


where (e) is the average electron energy of the Druyvesteyn distribution. The 
parameter a, of the distribution function reduction actually describes the 
probability for an electron to come through the energy interval of intense 
vibrational excitation. It is proportional to probability for the electron to par- 
ticipate in the high-energy processes of electronic excitation and ionization. 
In other words, the ionization and electronic excitation rate coefficients are 
proportional to the parameter ay. For this reason the parameter ay can be used 
to analyze the influence of the vibrational temperature T, on the ionization 
and electronic excitation rate coefficients. The probability Pey is propor- 
tional to the number density of vibrationally nonexcited molecules N(v = 
0) x 1 — exp(—hw/T;,) (see Equation 4.1.11), taking into account the possi- 
bility of super-elastic collisions. As a result, the influence of the vibrational 
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temperature T, on the ionization and electronic excitation rate coefficients can 
be characterized as the double exponential function: 


2M o €2 — £1 ho 
Ay © exp | Poyho ee fı exp ( T, ) | i (4.2.36) 


Here Po is the vibrational excitation probability of nonexcited molecules 
(Ty = 0). Equation 4.2.36 illustrates the strong increase of electron energy distri- 
bution function as well as ionization and electronic excitation rate coefficients 
with vibrational temperature. 


4.2.6 Electron Energy Distribution Functions in Different Nonequilibrium 
Discharge Conditions 


The quantitative distributions found either experimentally or from detailed 
kinetic modeling are more sophisticated; see Figure 4.7. Discuss shortly gen- 
eral features of such electron energy distribution functions. The electron 
energy distribution function in nonequilibrium discharges in noble gases are 
usually close to the Druyvesteyn distribution (Equation 4.2.32), if the ioniza- 
tion degree is not high enough for essential contribution of electron—-electron 
collisions. For the same mean energies f (e) in molecular gases is much closer 
to the Maxwellian function. Quite strong deviations of f (e) in molecular gases 
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FIGURE 4.7 
Electron distribution function (e) = n(e)/ (neye) in nitrogen. (Adapted from Raizer, Yu P. 1991. 
Gas Discharge Physics, Springer, Berlin.) 
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from the Maxwellian distribution take place only for high-energy electrons at 
relatively low mean energies about 1.5 eV. Even small admixture of a molec- 
ular gas (about 1%) into a noble gas dramatically changes the electron energy 
distribution function, strongly decreasing the fraction of high-energy elec- 
trons. The influence of such a small molecular gas admixture is strongest at 
relatively low values of reduced electric field E/ng (no is the number density 
of gas), when the Ramsauer effect is important. Addition of only 10% of air 
into argon makes the electron energy distribution function appears like that 
for molecular gas (Slovetsky, 1980). The electron—electron collisions were not 
taken into account above in the kinetic equation 4.2.27. They can influence the 
distribution function and make it Maxwellian, when the ionization degree 
Ne/No is high. This effect is convenient to characterize using the following 
numerical factor (Kochetov et al., 1979): 


1 1071fcm? 1074 
pee re pee (4.2.37) 
Oen, CM ò 


a= x 10 
dVen no (e eV) 


In this expression, Vee and Ven are frequencies of electron-electron and 
electron-neutral collisions, corresponding to the average electron energy 
(e); Oen is the cross section of the electron-neutral collisions at the same electron 
energy; 5 is the average fraction of electron energy transferred to a neu- 
tral particle during their collision. The electron—-electron collisions make the 
electron energy distribution function Maxwellian at large high values of the 
factor a > 1. Note that the maxwellization of high-energy electrons (e >> (e)) 
becomes possible at higher levels of the degree of ionization than maxwelliza- 
tion of electrons with average energy. The maxwellization of the high-energy 
electrons with energy £ by means of the electron-electron collisions requires 
a > £?/TŻ2. As seen from Equation 4.2.37, the maxwellization of electrons in 
plasma of noble gases (smaller 8) requires lower degrees of ionization than in 
case of molecular gases (higher 8). For example, the effective maxwellization 
of the electron energy distribution function in argon plasma at E/no = 10~1°E? 
begins at the ionization degree ne/no = 1077/1076. For molecular nitrogen at 
the same reduced electric field and ionization degrees up to 1074, the devia- 
tions of the electron distribution provided by the electron—electron collisions 
are weak. 


4.2.7 Relations between Electron Temperature and the Reduced 
Electric Field 


The electron energy distribution functions permit finding the relation between 
the reduced electric field and average electron energy, which then can be 
recalculated to an effective electron temperature: (e) = (3/2)T, even for non- 
Maxwellian distributions. Such relation can be derived by averaging the 
electron drift velocity in energy space (Equation 4.2.26) over entire energy 
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spectrum, taking into account Equation 4.2.22: 


= 5-7 (4.2.38) 


Factor ô characterizes the fraction of an electron energy lost in a collision 
with a neutral particle: 
2m ho 
8x M + (Pev) en (4.2.39) 
In atomic gases è = 2m/M; relation (Equation 4.2.39) permits finding the 
exact value of the factor è for the formula (Equation 4.2.38). In molecular 
gases, however, this factor is usually considered as a semi-empirical parame- 
ter. Thus, in typical conditions of nonequilibrium discharges in nitrogen, one 
can take for numerical calculations § ~ 3 x 107°. A further analysis of Equa- 
tion 4.2.38 can be done, taking into account the following relations between 
parameters: 


1 STe 
0) =,/ —. 


Ven =10(GenV), A= , 
NQOen TM 


(4.2.40) 


Combination of these formulas with formula (Equation 4.2.38) gives the 
relation between electron temperature, electric field, and the mean free path 


of electrons: 
_ eEX |x 


e= Vs P 
This relation is in agreement with Maxwell distribution (Equation 4.2.31) 


and Druyvesteyn distribution (Equation 4.2.32). It is convenient to rewrite 
Equation 4.2.41 as a relation between electron temperature and the reduced 


electric field E/no: 
E 
E EAA GEE (4.2.42) 
no (Oen) V 128 


This linear relation between electron temperature and the reduced electric 
field is obviously only a qualitative one. As one can see from Figure 4.8, the 
relation Te(E/no) can be more complicated in reality. 


(4.2.41) 


4.3 Electric and Thermal Conductivity in Plasma: Diffusion 
of Charged Particles 


4.3.1 Isotropic and Anisotropic Parts of Electron Distribution Functions 


In the previous section, we focused on the electron energy distribution 
functions that are related to the isotropic part of general electron velocity dis- 
tribution f (v). The electron velocity distribution f (V) is, obviously, anisotropic 
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FIGURE 4.8 
Electron temperature as a function of the reduced electric field. 


in electric field because of the peculiarity of motion in the direction of the 
field. This anisotropy determines the electric current, plasma conductivity, 
and all related effects. To describe the anisotropy of the electron velocity dis- 
tribution, we should recall that an electron receives an additional velocity t 
during the free motion between collisions (see Equation 4.2.22 and illustration 
in Figure 4.5). If the anisotropy is not very strong (which is the normal case) 
and u < v, it can be assumed that the fraction of electrons at the point ý of the 
real anisotropic distribution f is directly related to the fraction of electrons in 
the point ï — i of the correspondent isotropic distribution f. In this case, 
taking into account the fact that the directions of E and ii are opposite for 
electrons, the electron velocity distribution function is 


af (v) 


0 
OT _ a) we FO) _ 72 O — FOR 
fO) =f" Ou) fC) uns f © = f°?) + ucosé To 


(4.3.1) 

Here 9 is the angle between the directions of the velocity ý and the electric 
field E. Taking into account the azimuthal symmetry of f (V), and omitting the 
dependence on 9 for the isotropic function f, Equation 4.3.1 can be rewritten 
in the following scalar form: 


fo, 8) =f) +. cos 0 fO). (4.3.2) 


In this relation, the function f® (v) is the one responsible for the anisotropy 
of the electron velocity distribution. According to Equation 4.3.1 this function 
can be expressed as 


„SOO _ € af) 
3v — Men v ` 


fYM= (4.3.3) 
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Equation 4.3.2 can be interpreted as the first two terms of the series expan- 
sion of f ©) using the orthonormalized system of Legendre polynomials. The 
first term of the expansion is the isotropic part of the distribution function. 
It corresponds to the electron energy distribution functions (see Equation 
2.1.1 and other functions considered in the previous section) and is related to 
them as 


f(e) de =f) 40? dv. (4.3.4) 


The second term of the expansion (Equation 4.3.2) includes information on 
the electric field and, hence, it is related to the electron current, which can be 
presented as 


j=-e | Uf (8) dd = Ze | vf (dv. (4.3.5) 
0 


The results on anisotropy of the electron distribution function could be gen- 
eralized for the high frequency fields. It is sufficient to replace the electric field 
by the effective electric field (Equation 4.2.30). Equation 4.3.3 permits to com- 
pare the anisotropic and isotropic parts of the electron velocity distribution 
function: 


af u 
Oye E = £0. 4.3.6 
f u Jo To) ( ) 


This shows that the smallness of the anisotropy of the distribution function 
f® <«f©, which determines actually the framework of presented considera- 
tion, is directly related to smallness of the electron drift velocity with respect 
to the thermal velocity. 


4.3.2 Electron Mobility and Plasma Conductivity 


Taking into account Equation 4.3.3 for the anisotropic part of distribution 
function f® (v) and the relation between current density and the strength 
of electric field j = o£, the formula for the electron conductivity in plasma 


follows: 
Co 
Ane? v af© (v) 
= : 4.3.7 
Ñ 3m 5l ðv Ae Oo 

0 


In the simple case, when ven (V) = Ven = const, the integration in Equa- 
tion 4.3.7 by parts gives the well-known relation between the electrical 
conductivity of the plasma and the electron concentration: 


nee? 


(4.3.8) 


MVen 
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The following numerical formula based on Equation 4.3.8 can be used for 
practical calculations of the conductivity of the weakly ionized plasma under 
consideration: 

3 
o = 2.82 x10 ohm an (4.3.9) 

Equations 4.3.8 and 4.3.9 imply that electrons mostly provide the plasma 
conductivity, which is correct in most of the cases. Only when the concentra- 
tion of the ions much exceeds that of electrons, the ions contribution becomes 
important as well. For this case, a corresponding expression for ions similar 
to Equation 4.3.9 should be added to calculate the total conductivity. Plasma 
conductivity presented in the form of Equation 4.3.9 depends on the electron 
concentration ne and frequency of electron-neutral collisions Ven (calculated 
with respect to the momentum transfer). The electron concentration for an 
equilibrium thermal plasma can be taken in this case from the Saha equation 
(Equation 4.1.15); for nonequilibrium, nonthermal plasma it can be found 
from a balance of charged particles (see, e.g., Section 4.5). The frequency of 
electron-neutral collisions Ven is proportional to the gas number density (or to 
pressure) and can be found numerically for some specific gases in Table 4.1. 
In general, as seen from Equation 4.3.9, the conductivity is proportional to 
the degree of ionization ne/no in plasma. Equations 4.3.8 and 4.3.9 can be 
obviously applied, in particular, to calculate the power transferred from an 
electric field to plasma electrons. This leads to the other well-known formula 
of the so-called Joule heating: 


(4.3.10) 


Also Equations 4.3.8 and 4.3.9 can be used to determine the electron mobil- 
ity te, which is the coefficient of proportionality between the electron drift 


TABLE 4.1 


Estimated Similarity Parameters Describing the Neutral Collision Frequency, Mean 
Free Path, Mobility, and Conductivity of Electron at E/p = 1/30 V cm7! Torr“! 


dp Ven/p Hep op/ne 
Gas (1072 cm Torr) (10? s`! Torr!) (10° cm? Torr V7! s71) (107! Torr cm? ohm 7!) 
Air 3 4 0.45 0.7 
Ar 3 5 0.3 0.5 
CO 2 6 0.3 0.5 
CO2 3 2 1 2 
Hp 2: 5 0.4 0.6 
He 6 2 0.9 14 
N2 3 4 0.4 0.7 
Ne 12 1 1.5 2.4 
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velocity vg and electric field: 


Oe e 
Ud = eE, be = — = . 
ene MVen 


(4.3.11) 


To calculate the electron mobility, the numerical relation similar to Equa- 
tion 4.3.9 can be used 


176 x10" cm? 
eA tease oy Wet 


(4.3.12) 


Equation 4.3.11 demonstrates the proportionality of the drift velocity and 
reduced electric field E/ng, which is not far from reality (see Figure 4.9) if the 
electron-neutral collision cross section is not changing significantly. It is not 
always true. This cross section, for example, decreases significantly in noble 
gases at low electron energies, which is known as the Ramsauer effect. As a 
result, the effective electron mobility in noble gases can be relatively high at 
low values of the reduced electric field E/no or E/p (in argon it takes place 
at E/p about 107°? V/cm Torr). The reduced electric field is presented in the 
Figure 4.9 as E/p,s not as E/no. In the same way as given in Table 4.1, the gas 
concentration nọ is also replaced by pressure. Such a way of presentation is 
historically typical for the description of the room temperature nonthermal 
discharges, where no(cm~?) = 3.295 x 1016 p (Torr). If the gas temperature To 
of a nonthermal discharge differs from that at room temperature Too, the 
pressure should be recalculated to the gas concentration no or at least replaced 
by the effective pressure Pert = pToo/To. 


4.3.3 Similarity Parameters Describing Electron Motion in Nonthermal 
Discharges 


Taking into account Equations 4.3.8 and 4.3.11 and the above remark about 
effective pressure, it is convenient to construct the so-called similarity 
parameters Ven/p, Xp, Mep, o p/ne. These similarity parameters are approx- 
imately constant for each gas, at low temperature conditions, and E/p = 
1/30, V/(cmTorr). Hence, they can be applied for simple determination of 
the electron—-neutral collision frequency ven, electron mean free path i, elec- 
tron mobility pe and conductivity o. Numerical values of these similarity 
parameters for several gases are collected in Table 4.1. 


4.3.4 Plasma Conductivity in Perpendicular Static Uniform Electric 
and Magnetic Fields 


The direction of the current in the presence of magnetic field becomes non- 
collinear to the electric field, and the conductivity should be considered as 
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FIGURE 4.9 
Electron drift velocities in different inert and molecular gases: He (a), Ne (b), Ar (c), Hp (d), 
N? (e), and air (f). (Adapted from Raizer, Yu P. 1991. Gas Discharge Physics, Springer, Berlin.) 


the tensor oj: 
ji = oF. (4.3.13) 


This motion in general is quite sophisticated and discussed in detail, for 
example, in Uman (1964). To illustrate the physics of the phenomena let us 
consider at first the motion of a particle with electric charge q in the static 
uniform perpendicular electric E and magnetic B fields (E « cB, here c is the 
speed of light) in the absence of collisions. This motion of a charged particle 
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FIGURE 4.10 
Illustration of (a) positive drift and (b) negative drift of particles in perpendicular electric and 
magnetic fields. 


is shown in Figure 4.10 and can be described by the equation: 


m T- =q (È +5 x B). (4.3.14) 


Analyze this motion in a reference frame moving with respect to the initial 
laboratory reference frame with some velocity veg. The particle velocities in 
the new and old reference frames are obviously related by V = v + veg. Then 
Equation 4.3.14 in the new moving reference frame can be rewritten as 


aif 


d z S 5 
m© =q È+ tee x B) +q0 xB. (4.3.15) 


The trick is to find the velocity gg, which makes the first right-hand side 
term in Equation 4.3.15 equal to zero E + veg x B = 0 and reduces the particle 
motion just to 

dv > > 
m Z =qV' x B, 
that is, to a circular motion, rotation around the magnetic field lines 
(see Figure 4.10). The frequency of this rotation is the so-called cyclotron 
frequency: 
eB 


=—. 4.3.1 
OBS (4.3.16) 
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Multiplying the requirement E+ ven x B=0 by B, a formula for the veloc- 
ity Veg can be derived. The “spiral” moves (see Figure 4.10) with this velocity 
in the direction perpendicular to both electric and magnetic fields: 


eRe (4.3.17) 


B2 

This motion of a charged particle is referred to as the drift in crossed electric 
and magnetic fields. The direction of the drift velocity does not depend on the 
sign of the charge, and hence, it is the same for electrons and ions. Equations 
4.3.16 and 4.3.17 describe the collisionless drift of charged particles in crossed 
electric and magnetic fields. Collisions with neutral particles make the charge 
particles move additionally along the electric field. This combined motion can 
be described by the conductivity tensor (Equation 4.3.13), which includes two 
conductivity components: the first one represents the conductivity along the 
electric field o|}, and the second one corresponds to the current perpendicular 
to both electric and magnetic fields o1: 


00 (@B/Ven) 


= > 7; (ey = 09 ——... 4.3.18 
1+ (@B/Ven)* s 1+ (@B/Ven)? ( ) 


aji 


In these relations, oo is the conventional conductivity (Equation 4.3.8) in 
the absence of magnetic field. When the magnetic field is low or the pres- 
sure high, œg < ven. In this case, according to Equation 4.3.18 the transverse 
conductivity o} can be neglected, and the longitudinal conductivity o; actu- 
ally coincides with the conventional one og. Conversely, in the case of high 
magnetic fields and low pressures (wg >> Ven), first of all electrons become 
“trapped” by the magnetic field and start drifting across the electric and 
magnetic fields. The longitudinal conductivity then can be neglected, and 
the transverse conductivity becomes independent of the pressure and mass 
of the charged particle: 


=—, 4.3.1 
MOB B ( : A 


The transverse conductivity (Equation 4.3.18) corresponds to the collision- 
less drift velocity (Equation 4.3.19) in the crossed electric and magnetic fields. 
Note that this relation for plasma conductivity is valid when the cyclotron 
velocity slightly exceeds the electron neutral collision frequency (wg > Ven) 
but not too much. If the magnetic field is much larger than is enough 
for wg > Ven, then the ion motion can also become quasi-collisionless, and 
according to Equation 4.3.17, ions and electrons move together without any 
current. 
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4.3.5 Conductivity of Strongly lonized Plasma 


The electric conductivity in weakly ionized plasma (Equations 4.3.8 and 4.3.9) 
was always related to the resistance provided by electron-neutral collisions. 
In strongly ionized plasma with higher degrees of ionization, the electron-ion 
scattering also has to be taken into account. In this case, the electron—neutral 
collision frequency Ven in Equations 4.3.8 and 4.3.9 has to be replaced by the 
total frequency, including the electron—neutral and electron-ion collisions: 


VE = Ven + Me < V > OCoul- (4.3.20) 


It is assumed that the ion and electron densities are equal (ne); (v) is the 
average electron velocity; and ocoui is the averaged Coulomb cross section of 
the electron-ion collisions: 


4n etInA 287x10-“InA _, 
= = , cm?. 4.3.21 
°F 9 GneoTe)? Gey. G 


Though trajectory deflection in the electron-ion interaction is low when 
they are relatively far apart from one another, such large distance collisions 
make important contribution to the momentum transfer cross section because 
of long-range nature of Coulomb forces. This effect is taken into account 
in relation (Equation 4.3.21) by multiplication of the natural cross section 
for interaction of charged particles et /[(4AneTe)*] by the so-called Coulomb 
logarithm: 


3 (4neoTe)?/2 
In A = In | ————— | = 13.57 + 1.5 log (Te, eV) — 0.5 1 . 
n alz nT 3.57 + 1.5 log (Te eV) — 0.5 log ne 


(4.3.22) 


Based upon Equations 4.3.21 and 4.3.22 one can calculate that the electron- 
ion collisions become significant in the total electron—collision frequency 
(Equation 4.3.20) and hence in the electric conductivity when the degree of 
ionization exceeds some critical value about: ne/no > 1073. When the degree 
of ionization far exceeds the critical value, the electron-ion collisions become 
dominant in Equation 4.3.20. The electric conductivity in this case (see Equa- 
tion 4.3.20) becomes almost independent of the electron concentration ne (only 
through the Coulomb logarithm In A) and reaches its maximum value: 


9eqT2 
ed at En E, 


102 (Te, eV)9/2 P -1 1 
m(v)e2 In A InA ” 


cm. (4.3.23) 
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4.3.6 lon Energy and lon Drift in the Electric Field 


The relation between the average energy of the ions (e;), gas temperature To 
and electric field E is (Raizer, 1991): 


3 4272 
M Mj; E 
Be ae (1+ E) ae, (4.3.24) 


Here M; and M are the masses of an ion and a neutral particle; vin the 
frequency of ion-neutral collisions corresponding to momentum transfer. If 
the reduced electric field in plasma is not too strong (usually E/p < 10 V/cm 
Torr), the ion energy in Equation 4.3.24 only slightly exceeds that of neutrals. 
For electrons, because of their low mass, such a situation takes place only 
at very low reduced electric fields E/p < 0.01 V/cm Torr. When the reduced 
electric fields are much stronger than mentioned above (E/p >> 10 V/cm Torr) 
and when the second term in Equation 4.3.24 exceeds the first one, then the 
ion velocity, collision frequency vin, and the ion energy grows with the electric 
field: 


1 /M MAN? 
osada (1472) eEn. (4.3.25) 


Here > is the ion mean free path. In the case of weak and moderate electric 
fields (E/p < 10 V/cm Torr), the ion drift velocity is proportional to the electric 
field, and the ion mobility is constant: 


eÈ e 
Vine MM1/ M+M) Vin ® MM1/M + My) 


ou (4.3.26) 


The ion mobility is actually constant as long as the ion—neutral collision fre- 
quency Vin is constant, which takes place in the case of polarization-induced 
collisions (see the Langevin model, Equations 2.6.2 through 2.6.4). The fol- 
lowing convenient numerical relation can be used for calculations of the ion 
mobility in the framework of the Langevin model: 


_ 27 x 104. /T+ MMi 


Mi 
p(Torr),/A * (a/a) 


In this relation, a is the polarizability of a neutral particle (see Section 2.6); 
A is its molecular mass; ap is the Bohr radius. At relatively strong electric 
fields (E/p >> 10 V/cm Torr), ion energies are higher and the ion-neutral 
collision cross section is limited by the gas-kinetic cross section. Similar to 
Equation 4.3.25, is better than vin to be considered as constant. Taking into 


(4.3.27) 
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Drift velocities of ions in inert gases. T = 300K. vig x E (dashed line on the left); vig « ~E (dashed 
line on the right). (Adapted from Raizer, Yu P. 1991. Gas Discharge Physics, Springer, Berlin.) 


account Equation 4.3.25, we can find the drift velocity in the case of strong 


electric fields by 
Mi M;\ JeEr 
id © (J = (14+ — ; 4.3.2 
via ge (4M = (4.3.28) 


The linear dependence of the ion drift velocity on the electric field for weak 
fields has changed and is now proportional to the square root of the electric 
fields, which is illustrated in Figure 4.11. 


4.3.7 Free Diffusion of Electrons and lons 


If the electron and ion concentrations are quite low, their diffusion in plasma 
can be considered as independent and described, for example, by the conti- 
nuity equation 4.2.16. The total flux of charged particles (® = nu, which in 
Equation 4.2.16 was referred to as “drift”) includes, in this case, the actual drift 
in the electric field described above in Section 4.3.2, and diffusion following 
the Fick’s law: 

ONe j 


b,j = 1 neile iE = Dei (4.3.29) 
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The signs “+” and “—” here are corresponding to the charge of the particles. 
The continuity equation 4.2.16 then can be rewritten as 


ðnei 9 = ONe i 
nei y E (denotes —Di Ge) = G-L (43.30) 


The characteristic diffusion time corresponding to the diffusion distance 
R can be estimated based on relation (Equation 4.3.30) as tp ~ R?/ Dei. This 
simple relation is widely used to estimate all kind of diffusion processes. 
The diffusion coefficients for both electrons and ions can be estimated by the 
following formula including the corresponding values of thermal velocity, 
mean free path and collisional frequency with neutrals ((v¢,/), hei, Ven,in): 


2 
U-. Lo Op; 
Dex ( Pe = ei (Vei) (4.3.31) 
3Ven,in 3 


As is clear from relation (Equation 4.3.31), the diffusion coefficients are 
inversely proportional to the gas number density or pressure. This means 
that the similarity parameter D, ; * p (see Section 4.3.3) can be used to calculate 
easily the coefficients of free diffusion at room temperature. Some numerical 
values of the similarity parameters for both electrons and ions are presented 
in Table 4.2. In accordance with Equation 4.3.41, the coefficient of free electron 
diffusion grows with temperature in nonthermal constant pressure discharges 
as De x T! / To: Assuming that ions and neutrals have the same temperature, 
the coefficient of free ions diffusion grows with temperature in nonthermal 


discharges as D; « T 2 


TABLE 4.2 


Coefficient of Free Diffusion, D, at Room Temperature 
in Different Gases 


Diffusion of 


Electrons and Ions Dp (cm2s—! Torr) 
He 2.1 x 10° 
Kr 4.4 x 104 
N2 2.9 x 10° 
Ne 2.1 x 10° 
Xe 1.2 x 104 
O2 1.2 x 106 
Ar 6.3 x 10° 
H3 1.3 x 10° 


Nj in N2 40 
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4.3.8 The Einstein Relation between Diffusion Coefficient, 
Mobility, and Mean Energy 


Taking the electron mobility as given by Equation 4.3.11 and the free electron 
diffusion coefficient as in Equation 4.3.31, one can find the relation between 
them and the average electron energy: 


De 2 (£e) 
— =i, 4.3.32 
Me 3 e ( 
A similar relation for ions can be derived from Equations 4.3.26 and 4.3.31. 
In the case of Maxwellian distribution function, the average energy is equal to 
3/2T and formula (Equation 4.3.32) can be expressed in a more general form 
valid for different particles: 


(4.3.33) 


This is known as the Einstein relation. The Einstein relations (Equations 4.3.32 
and 4.3.33) are very useful, in particular, for determining the diffusion coef- 
ficients of charged particles based on experimental measurements of their 
mobility. 


4.3.9 The Ambipolar Diffusion 


The electron and ion diffusion cannot be considered “free” and indepen- 
dent like it was earlier assumed when the ionization degree is relatively 
high. The electrons move faster than ions and form the charge separation 
zone with a strong polarization field that adjusts the electron and ion fluxes. 
This electric polarization field accelerates ions and slows down electrons, 
which makes all of them diffuse together “as a team.” This phenomenon is 
known as the ambipolar diffusion and is illustrated in Figure 4.12. If the sep- 
aration of charges is small, the electron and positive ion concentrations are 
approximately equal ne ~ nj; as well as their fluxes. The equality of the fluxes, 
including diffusion and drift in the polarization field can be expressed based 
on Equation 4.3.29 as 


> One 
P, = Ene — De—, 
e Heb Ne e7 


> — 0 j > > 
$; = wEn — Dies, De =; (4.3.34) 


Dividing the first relation by ue, the second one by u; and adding up the 
results gives the general relation for both electron and ion fluxes: 


Dipe + Depi Nei 
Me +Mi afr 


Dei = (4.3.35) 
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FIGURE 4.12 


Illustration of the ambipolar diffusion effect and plasma polarization in the presence of electron 
and ion density gradients. (a) Initial moment, (b) development of the charge distribution, and (c) 
development of the charge density and the electric field. 


This permits the introduction of the coefficient of ambipolar diffusion b,j = 
—D,(dnei/dr), which describes the collective diffusive motion of electrons and 
ions: 


_ Dipe + Dewi 


Da 
Me + Mi 


(4.3.36) 


Noting that ue >> ui and De > D;, Equation 4.3.36 can be rewritten as Dg = 
Di + De(wi/We)and leads to the conclusion that ambipolar diffusion is greater 
than that of ions and less than that of electrons. Hence the ambipolar diffusion 
“speeds up” ions and “slows down” electrons. Taking into account also the 
Einstein relation (Equation 4.3.33) yields 


Hi 
e 


Da x Di + bee (4.3.37) 


It follows that in equilibrium plasmas with equal electron and ion temper- 
atures D, = 2D;. For nonequilibrium plasmas with T, >> T;, the ambipolar 
diffusion Dı = EiT, corresponds to the temperature of the fast electrons and 
mobility of the slow ions. 


4.3.10 Conditions of Ambipolar Diffusion: The Debye Radius 


To determine the conditions of the ambipolar diffusion with respect to the 
free diffusion of electrons and ions, first estimate the absolute value of the 
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polarization field from Equation 4.3.34: 


De 1 One Te dln Ne Te 
Ex = x 


N = . 4.3. 
We Ne r e or eR Goop 


Here R is the characteristic length of change of the electron concentration. 
From another view, the difference between the ion and electron concentrations 
An = nj — ne, which characterizes the space charge, is related to the electric 
field by the Maxwell equation: (0E/a7)E = e An/eo. Simplifying the Maxwell 
equation for estimations as: E/R « e An/e9 and combining this relation with 
Equation 4.3.38, yields the relative deviation from quasi-neutrality: 


2 
alge st 2 = ( 2) Peel Ta (4.3.39) 
Ny etne R R etne 
Here rp is the so-called Debye radius. This is the important plasma param- 
eter characterizing quasi-neutrality. The Debye radius is the characteristic 
of strong charge separation and plasma polarization. If the electron concen- 
tration is high and the Debye radius is small (rp « R), then according to 
Equation 4.3.39, the deviation from quasi-neutrality is small, the electrons 
and ions move “as a group” and the diffusion should be considered as ambi- 
polar. Conversely, if the electron concentration is relatively low and the Debye 
radius is large (rp > R), then the plasma is not quasi-neutral, the electrons and 
ions move separately and their diffusion should be considered as free. For cal- 
culations of the Debye radius it is convenient to use the following numerical 
formula: 


Te,E 


rp = 742 | —_—, 
Ne, cm7 


cm. (4.3.40) 


For example, if the electron temperature is 1 eV and the electron concentra- 
tion exceeds 10°cm~%, then according to Equation 4.3.40, the Debye radius is 
less than 0.7 mm and diffusion should be considered as ambipolar for gradi- 
ents scale more than 3 mm7! cm. A quite large collection of numerical data 
concerning diffusion and drift of electron and ions can be found in MacDaniel 
and Mason (1973) and Huxley and Crompton (1974). 


4.3.11 Thermal Conductivity in Plasma 


Heat transfer and, in particular, the behavior of the thermal conductivity 
in plasma is quite a complex subject of plasma engineering (Eletsky et al., 
1975; Boulos et al., 1994). The heat transfer due to the thermal conductivity 
in moving a one-component gas can be expressed similar to the continuity 
equation [see Section 4.2.3 and specifically relation (Equation 4.2.16)]: 


Žao) + V j= 0. (4.3.41) 
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Here ng and (e) are the gas number density and average energy of a molecule, 
q is the heat flux. In Equation 4.3.41 replace the average energy of a molecule 
by the equilibrium temperature Tp and specific heat cy with respect to one 
molecule. Also let us take into account the fact that the heat flux includes two 
terms: one related to the gas motion with velocity 7 and another one related to 
the thermal conductivity with coefficient k: q = (e)noii — K V * To. This gives 
a convenient equation describing the thermal conductivity in moving quasi- 
equilibrium gas: 


Dis ics 
[To +8 * To = ETS: (4.3.42) 


Cy 


The thermal conductivity coefficient in a one-component gas without dis- 
sociation, ionization, and chemical reactions can be estimated similar to 


Equation 4.3.31 as 
1 SAT 
«mS M(v)MOey ear (4.3.43) 


Here o is a typical cross section of the molecular collisions, and M is the 
molecular mass. According to Equation 4.3.43, the thermal conductivity coef- 
ficient does not depend on gas density and grows slowly with temperature. 
The growth of thermal conductivity with temperature in plasma at high tem- 
peratures, however, can be much faster than that given by Equation 4.3.43 
because of the influence of dissociation, ionization, and chemical reactions. 
For example, consider the effect of dissociation and recombination 2A = A2 
on acceleration of the temperature dependence of the thermal conductiv- 
ity. Molecules are mostly dissociated into atoms in a zone with the higher 
temperature (see Figure 4.13) and much less dissociated in lower tempera- 
ture zones. Then the quasi-equilibrium diffusion of the molecules (Dj) to the 


Higher temperature plate Lower temperature plate 


G= © 


Sy. S 


Additional heat flux 


FIGURE 4.13 
Illustration of recombination contribution into the high temperature thermal conductivity. 
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higher temperature zone leads to their intensive dissociation, consumption 
of dissociation energy Ep and to the related big heat flux: 


i 3 
(pha Da Vie = (En Dnt) VTo, (4.3.44) 
0 


which can be interpreted as accelerating the thermal conductivity. When the 
concentration of molecules is less than that of atoms concentration nm < na 
and To « Ep, the equilibrium relation (Equation 4.1.18) permits evaluation 
of the molecules density derivative 3ðnm/3To = (Ep/ aT3)n E. Substituting this 
derivative into Equation 4.3.44, the coefficient of thermal conductivity related 
to the dissociation of molecules is given by 


Ep\? 
kp = Dm 7) mm (4.3.45) 


Compare the temperature dependence of the coefficient of thermal con- 
ductivity related to the dissociation of molecules with the one not taking into 
account any reactions (Equation 4.3.43). Based on Equations 4.3.45, 4.3.31, and 
4.3.43, the ratio of the two coefficients can be expressed as 


Kp 1 Ep 2 Nm 
N : 4.3.46 
K Cy ( To ) Ng ( ) 


The contribution of dissociation to the temperature dependence of the 
thermal conductivity related to dissociation can be very significant since 
To « Ep. Obviously, the strongest effect takes place within the relatively nar- 
row range of typical dissociation temperatures, when the concentrations of 
atoms and molecules are of the same order and very sensitive to temper- 
ature. Relations similar to Equation 4.3.46 can be derived for showing the 
contributions of ionization and chemical reactions to the temperature depen- 
dence of the thermal conductivity. These effects also are able to increase 
the thermal conductivity because they are related with the transfer of rela- 
tively large quantities of energy. Both ionization energy and typical chemical 
reaction enthalpy usually much exceeds the temperature. However, the rel- 
ative influence of these effects depends on the relative concentration of 
corresponding species, which could be pretty low even in the high tem- 
perature thermal plasmas. Specific examples of the temperature dependence 
of the thermal conductivity for different inert gases are presented in Fig- 
ure 4.14, and for different molecular gases presented in Figure 4.15. The 
influence of different effects on the total thermal conductivity can be very 
well illustrated by the “roller coaster like” «(To) dependence in air (see 
Figure 4.15). 
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FIGURE 4.14 
Thermal conductivity of inert gases. 


4.4 Breakdown Phenomena: The Townsend and Spark 
Mechanisms, Avalanches, Streamers and Leaders 


4.4.1 Electric Breakdown of Gases: The Townsend Mechanism 


The electric breakdown is a complicated multistage threshold process, which 
occurs when the electric field exceeds some critical value. During the short 
breakdown period, usually 0.01-100 us, the nonconducting gas becomes con- 
ductive, generating, as a result, different kinds of plasmas. The breakdown 
mechanisms can be very sophisticated, but all of them usually start with the 
electron avalanche, for example, multiplication of some primary electrons in 
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FIGURE 4.15 

Temperature dependence of the thermal conductivity of plasmas in air (a) and Ar-Họ (b). 
(Adapted from Boulos, M.I., P. Fauchais, and E. Pfender, 1994. Thermal Plasmas. Fundamentals 
and Applications, Plenum Press, New York, London.) 


cascade ionization. Consider first the simplest breakdown in a plane gap with 
electrode separation d, connected to a DC power supply with voltage V, which 
provides the homogeneous electric field E = V/d (Figure 4.16). It is appar- 
ent that occasional formation of primary electrons occurs near the cathode, 
which provides the very low initial current ig. Each primary electron drifts 
to the anode, concurrently ionizing the gas and generating an avalanche. The 
avalanche evolves both in time and in space because the multiplication of elec- 
trons proceeds along with their drift from the cathode to anode (Figure 4.16). 
It is convenient to describe the ionization in an avalanche not by the ioniza- 
tion rate coefficient, but rather by the Townsend ionization coefficient a that 
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Cathode 


FIGURE 4.16 
Illustration of the Townsend breakdown gap. 


shows electron production per unit length or the multiplication of electrons 
(initial density neo) per unit length along the electric field: dne/dx = a ne or the 
same Me(x) = Neo exp(ax). The Townsend ionization coefficient is related to 
the ionization rate coefficient k; (E /no) (Section 2.2.1) and electron drift velocity 
Vq aS 


es 1 (E) a CAE (4.4.1) 
Vq vå 


= Z \ no = 
no ue E/no 


where v; is the ionization frequency with respect to one electron, pe is the 
electron mobility. Noting that the breakdown begins at room temperature 
and that the electron mobility is inversely proportional to pressure, it is con- 
venient to present the Townsend coefficient a as the similarity parameter a/p 
depending on the reduced electric field E/p. Such dependence a/p = f (E/p) 
is presented in Figure 4.17 for different inert and molecular gases. According 
to the definition of the Townsend coefficient a, each single primary electron 
generated near cathode produces exp(ad) — 1positive ions in the gap (Fig- 
ure 4.16). Here the electron losses due to recombination and attachment to 
electronegative molecules were neglected. All the exp(ad) — 1 positive ions 
produced in the gap per electron are moving toward the cathode, and alto- 
gether eliminate y « [exp(ad) — 1] electrons from the cathode in the process 
of secondary electron emission. Here another Townsend coefficient y is the 
secondary emission coefficient, characterizing the probability of a secondary 
electron generation on the cathode by an ion impact. The secondary electron 
emission coefficient y depends on cathode material, state of the surface, type of 
gas, and reduced electric field E/p (defining the ions energy). Relevant numer- 
ical data for different conditions are given in Figure 4.18. Typical values of y 
in electric discharges is 0.01-0.1; the effect of photons and metastable atoms 
and molecules (produced in the avalanche) on secondary electron emission is 
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FIGURE 4.17 
Ionization coefficients in different molecular gases: He (a), air (b), Ar (c), N? (d), air/N2/H2 (e), 
Ne/Ar/Xe, He (f), H2 (g), and CO? (h). 


usually incorporated in the same “effective” y coefficient. Taking into account 
the current of primary electrons ip and electron current due to the secondary 
electron emission from the cathode, the total electronic part of the cathode 
current icath is 


icath = ip + Y icathlexp (ad) — 1]. (4.4.2) 


The total current in the external circuit is equal to the electronic current at 
the anode because of the absence of ion current. The total current can be found 
as i = icath exp(ad), which takes Equation 4.4.2 into account to the Townsend 
formula, first derived in 1902 to describe the ignition of electric discharges: 
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FIGURE 4.18 


Effective secondary emission coefficient. (a) Copper cathode in inert gases. (b) Various metals in 
Ar. (c) Various metals in N2. (Adapted from Raizer, Yu P. 1991. Gas Discharge Physics, Springer, 
Berlin.) 


Pa ig exp (ad) 
ae ylexp(ad) — 1] 


(4.4.3) 


The current in the gap is non-self-sustained as long as the denomina- 
tor in Equation 4.4.3 is positive. As soon as the electric field and, hence, 
the Townsend a coefficient becomes sufficiently high, the denominator in 
Equation 4.4.3 goes to zero and transition to self-sustained current (break- 
down!) takes place. Thus, the simplest breakdown condition in the gap can 
be expressed as 


ylexp(ad) -1]=1, ad= ln (- + 1) : (4.4.4) 


This mechanism of ignition of a self-sustained current in gap, controlled by 
secondary electron emission from the cathode, is usually referred to as the 
Townsend breakdown mechanism. 
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4.4.2 The Critical Breakdown Conditions, Paschen Curves 


To derive relations for the breakdown voltage and electric field based on 
Equation 4.4.4, it is convenient to rewrite Equation 4.4.1 for the Townsend 
coefficient a in the semi-empirical way, relating the similarity parameters a/p 


and E/p: 


a B 
= =A exp (=) i (445) 


The parameters A and B of Equation 4.4.5 at E/p = 30/500, V/cm Torr, 
are given in Table 4.3. Combining Equations 4.4.4 and 4.4.5 gives formulas 
for calculating breakdown voltage and breakdown reduced electric field as 
functions of the similarity parameter pd: 


_ Bod) E B 
~ C+In@d)’ p C+In(pd)’ 


(4.4.6) 


In these relations, parameter B is obviously the same as in Equation 4.4.5 and 
in Table 4.3. However, the parameter A, is replaced by C = In A — In In[(1/y) + 
1)], taking into account the very weak, double logarithmic influence of 
secondary electron emission. The breakdown voltage dependence (Equa- 
tion 4.4.6) on the similarity parameter pd is usually referred to as the Paschen 
curve. The experimental Paschen curves for different gases are presented in 
Figure 4.19. These curves have a point of minimum voltage, corresponding to 
the easiest breakdown conditions, which can be found from Equation 4.4.6: 


eB 1 E e 1 
ees ES a = a —+1 4.4.7 
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TABLE 4.3 


Numerical Parameters A and B for Calculation 
of the Townsend Coefficient a 


Gas A(cm7! Torr7) B(Vcm7! Torr!) 
Air 15 365 
Ar 12 180 
CO) 20 466 
Hz 5 130 
H20 13 290 
He 3 34 
Kr 17 240 
No 10 310 
Ne 4 100 


Xe 26 350 
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FIGURE 4.19 
Paschen curves for different gases. (a) Higher pressure range and (b) lower pressure range. 
(Adapted from Raizer, Yu P. 1991. Gas Discharge Physics, Springer, Berlin.) 


where e = 2.72 is the base of natural logarithms. The typical value of mini- 
mum voltage is about 300 V, corresponding to the reduced electric field about 
300 V/cm Torr and the parameter pd about 0.7 cm Torr. The right-hand branch 
of the Paschen curve (pressures greater than 1 Torr for a gap about 1 cm) is 
related to a case when the electron avalanche has enough distance and gas 
pressure to provide intensive ionization even at moderate electric fields. In 
this case, the reduced electric field is almost fixed; it is just slowly reduc- 
ing logarithmically with growth in pd. Conversely, the left-hand branch of 
the Paschen curve is related to the case when ionization is limited by the 
avalanche size and gas pressure. Obviously in this latter case, the ionization 
sufficient for breakdown can be provided in such a situation only by very high 
electric fields. The reduced electric field at the Paschen minimum corresponds 
to the so-called Stoletov constant (E/p)min = B, which is the minimum dis- 
charge energy necessary to produce one electron-ion pair (minimum price of 
ionization). Here, the price of ionization can be expressed as W = eE/a, and 
its minimum which is the Stoletov constant, is equal to Wmin = 2.72 x eB/A. 
The Stoletov constant usually exceeds the ionization potentials several times 
because electrons dissipate energy to vibrational and electronic excitation per 
each act of ionization. Numerical estimation for the minimum ionization price 
in electric discharges with high electron temperatures is about 30 eV. Analyz- 
ing Equation 4.4.7, it is seen that the reduced electric field at the Paschen 
minimum (E/p)min = B does not depend on y and hence, on a cathode mate- 
rial in contrast to the minimum voltage Vmin and the corresponding similarity 
parameter (pd) min. 


4.4.3 The Townsend Breakdown of Larger Gaps: Specific Behavior 
of Electronegative Gases 


The Townsend mechanism of breakdown is relatively homogeneous and 
includes development of independent avalanches; it usually occurs at 


212 Plasma Physics and Engineering 


f I i I 1 
0.05 0.1 0.2 04 0.60.8 1 d (cm) 


FIGURE 4.20 
Breakdown electric field in atmospheric air. 


pd < 4000 Torr cm (at atmospheric pressure d < 5 cm). For larger gaps (at 
atmospheric pressure, d > 6 cm) the avalanches disturb the electric field and 
are no longer independent. This leads to the spark mechanism of breakdown. 
Consider relatively large gaps, but still not sufficiently large (pd < 4000 Torr 
cm) for the spark. The reduced electric field E/p necessary for breakdown 
(Equation 4.4.6) is slightly logarithmically decreasing with pd in the frame- 
work of the Townsend breakdown mechanism (pd < 4000 Torr cm). This is 
illustrated by the E(d) dependence in atmospheric air, presented in Figure 4.20. 
For larger gaps and the larger avalanches, E/p is less sensitive to the secondary 
electron emission and cathode material. This explains the decrease of E/p with 
pd. The reduction in electronegative gases is limited by electron attachment 
processes (usually dissociative attachment, Section 2.4.1, Equation 2.4.3). The 
influence of attachment processes can be taken into account in a manner sim- 
ilar to the ionization equation 4.4.1 by introducing an additional Townsend 
coefficient B: 
1 k,(E/no) 


v 1 
B aa — kı (E /no)no =- 7 (4.4.8) 
Vd va Me E/no 


In this relation, k,;(E/ng) and v, are the attachment rate coefficient and attach- 
ment frequency with respect to an electron. Thus, altogether we have three 
Townsend coefficients a, 8, and y, which describe the Townsend mechanism 
of electric breakdown. The Townsend coefficient R shows the electron losses 
due to attachment per unit length. Combining a (see Equation 4.4.1) and B 
gives 


dne 
dx 


= (a — B)ne, Mex) = neo exp[(a — P) x]. (4.4.9) 
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FIGURE 4.21 
Frequencies of ionization and electron attachment in air. 


The Townsend coefficient B is an exponential function of the reduced elec- 
tric field in the same way as a. However, this function is not as sharp (see 
Figure 4.21). For this reason ionization much exceeds attachment at relatively 
high values of reduced electric fields, and in this case, the B coefficient can 
be neglected with respect to a. When the gaps are relatively large (centime- 
ters range at atmospheric pressure), the Townsend breakdown electric field 
in electronegative gases actually becomes constant and limited by attachment 
processes. Obviously in this case, breakdown of electronegative gases requires 
much higher values of the reduced electric fields. The breakdown electric 
fields at high pressures for both electronegative and nonelectronegative gases 
are presented in Table 4.4. 


TABLE 4.4 


Electric Fields Sufficient for the Townsend 
Breakdown of Centimeter-Size Gaps at 
Atmospheric Pressure 


Gas E/p (kV/cm) 
Air 32 
Ar 2.7 
CCl Fo 76 
CCl4 180 
Clo 76 
CSFg 150 
H? 20 
He 10 
N? 35 
Ne 1.4 
Oz 30 


SF6 89 
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4.4.4 Sparks Mechanism Versus Townsend Breakdown Mechanism 


The Townsend quasi-homogeneous breakdown occurs only in low pres- 
sures and short discharge gaps (pd < 4000 Torr cm, at atmospheric pressure 
d <5 cm). Another breakdown mechanism, the so-called spark mechanism, 
takes place in larger gaps at high pressures. Spark mechanism, in contrast to 
the Townsend mechanism, provides breakdown in a local narrow channel 
without direct relation to electrode phenomena and with very high cur- 
rents (up to 10+—10° A) and current densities. Spark mechanism as well as 
Townsend breakdown are primarily related to avalanches. In large gaps they 
cannot be considered as independent and stimulated by electron emission 
from cathode. The spark breakdown at high pd and overvoltage develops 
much faster than the time necessary for ions to cross the gap and provide the 
secondary emission. The high conductivity spark channel can be formed faster 
than electron drift time from cathode to anode. In this case, the breakdown 
voltage is independent of the cathode material, which is also a qualitative dif- 
ference between Townsend and spark breakdowns. The mechanism of spark 
breakdown is based on the concept of a streamer. The thin ionized chan- 
nel grows fast along the positively charged trail left by an intense primary 
avalanche between electrodes. This avalanche also generates photons, which 
in turn initiate numerous secondary avalanches in the vicinity of the primary 
one. Electrons of the secondary avalanches are pulled by the strong electric 
field into the positively charged trail of the primary avalanche, creating a 
streamer propagating fast between electrodes. The streamer theory was orig- 
inally developed by Raether (1964), Loeb (1960), and Meek and Craggs (1978). 
If the distance between electrodes is in meters or even kilometers long, as in 
the case of lightning, the individual streamers are not sufficient to provide 
large-scale spark breakdown. In this case, the so-called leader is moving from 
one electrode to another. The leader as well as streamer is also a thin channel 
but much more conductive than an individual streamer. Leaders include the 
streamers as their elements. 


4.4.5 Physics of the Electron Avalanches 


According to Equation 4.4.9 and taking into account possible electron attach- 
ment, the increase of the total number of electrons Ne, positive N+ and 
negative N_ ions in an avalanche moving along the x-axis follow the 
equations: 


dNe | dN, dN- 
de T (a — B)Ne, ae T aNe, de BNe, (4.4.10) 


where a and 8 are the ionization and attachment Townsend coefficients. 
If the avalanche starts from only the primary electron, the number of 
charged particles, electrons, positive, and negative ions can be found from 
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Equation 4.4.10 as 


Ne =expl(a—B)x], Ny = pape -1) We Bo —1). (4.4.11) 


The electrons in an avalanche move altogether along the direction of the 
undisturbed electric field Eo (x-axis) with the drift velocity vg = peEo. Con- 
currently, free diffusion (De) spread the group of electrons around the x-axis 
in radial direction r. Taking into account both the drift and the diffusion, the 
electron density in avalanche ne(x,r, t) can be found from Equation 4.3.30 in 
the following form (Lozansky and Firsov, 1975): 


(x — [eEot)? + 7? 
(4n Det)3/2 expl Bm ? +(a—B)peEot]. (4.4.12) 
g e 


Ne (x, r, t) = 


From Equation 4.4.12, it is seen that the electron density decreases with 
distance from the x-axis following the Gaussian law. Then, the avalanche 
radius ra (where the electron density is e times less than on the x-axis) grows 
with time and the distance xo of the avalanche propagation: 


(4.4.13) 


ra = ADE = AD: Z 
e 


In Equation 4.4.13, the Einstein relation between electron mobility and free 
diffusion coefficient (Equation 4.3.33) is taken into account. The space dis- 
tribution of positive and negative ion densities during the short interval of 
avalanche propagation when the ions remain at rest can be calculated using 
Equation 4.4.12: 


t t 
n(x, r,t) = | ewoEonets, r,t')dt', n_(x,7r,t) = | BuoEone(x, r, tdt. (4.4.14) 
0 0 


A simplified expression for the space distribution of positive ion density not 
too far from the x-axis can be derived based on Equations 4.4.14 and 4.4.12 
in the absence of attachment and in the limit t > oo (Lozansky and Firsov, 
1975) as: 


n4(x,r) = i x pees (4.4.15) 
ee ~aR@ P $ fa) í ee 


where r(x) is the avalanche radius. This distribution reflects the fact that 
the ion concentration in the trail of the avalanche grows along the axis in 
accordance with the multiplication and exponential increase of the num- 
ber of electrons (Equation 4.4.11). Concurrently, the radial distribution is 
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FIGURE 4.22 
Avalanche evolution. (a) Schematic and (b) photograph. (Adapted from Raizer, Yu P. 1991. Gas 
Discharge Physics, Springer, Berlin.) 


Gaussian with an effective avalanche radius ra(x) growing with x (Equa- 
tion 4.4.13). An avalanche propagation is illustrated in Figure 4.22. Though 
the avalanche radius equation 4.4.13 is growing parabolically (proportional 
to ./x), the visible avalanche outline is wedge-shaped. This means that the 
visible avalanche radius is growing linearly (proportional to x, see picture 
in Figure 4.21). This happens because the visible avalanche radiation is 
determined by the absolute density of excited species that is approximately 
proportional to the exponential factor ® in Equation 4.4.15 and obviously 
grows with x. The visible avalanche radius r(x) can then be expressed from 
Equation 4.4.15, taking into account the smallness of r at small x, as 


5 AT, AT, 
me =ax—In®, r(x) ra(x)JVax = 2 * aX = X a (4.4.16) 
1, (x) eEg eEg 


This explains the linearity of r(t) and wedge-shape form of an avalanche 
(Figure 4.21). The qualitative change in avalanche behavior takes place when 
the charge amplification exp(ax) is large. In this case, the considerable space 
charge is created with its own significant electric field E,, which should be 
added to the external field E o. The electrons are at the head of avalanche while 
the positive ions remaining behind, creating a dipole with the characteristic 
length 1/aand charge N, ~ exp(ax). For breakdown fields about 30 kV /cm in 
atmospheric pressure air, the a-coefficient is approximately 10 cm~', and the 
characteristic ionization length can be estimated as 1/a ~ 0.1 cm. The external 
electric field distortion due to the space charge of the dipole is shown in Fig- 
ure 4.23. In front of the avalanche head (and behind the avalanche) the external 
Eo and internal E; electric fields add to make a total field stronger, which in 
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FIGURE 4.23 
Electric field distribution in an avalanche: external and space charge fields are shown (a) 
separately and (b) combined. 


turn accelerate ionization. Conversely, in between the separated charges or 
“inside of avalanche” the total electric field is lower than the external one, 
which slows down the ionization. The space charge creates a radial electric 
field (see Figure 4.23). At a distance of approximately the avalanche radius 
(Equation 4.4.13), the electric field of the charge Ne ~ exp(ax) reaches the 
value of the external field Ey at some critical value of ax. For example, during 
a 1-cm gap breakdown in air, the avalanche radius is about ra = 0.02 cm and 
the critical value of ax when the avalanche electric field becomes comparable 
with Eo is ax = 18 (note this corresponds to the Meek criterion of streamer 
formation, see below). When ax > 14, the radial growth of an avalanche due 
to repulsion drift of electrons exceeds the diffusion effect and should be taken 
into account. In this case, the avalanche radius grows with x as 


3e ax 3E 
| = 2 4.4.17 
r 4neqaEg xP 3 a Eo ( ) 


This fast growth of the transverse avalanche size restricts the electron 
density in the avalanche to the maximum value: 


ne = La (4.4.18) 


When the transverse avalanche size reaches the characteristic ionization 
length 1/a ~ 0.1cm (the avalanche “dipole” size), the broadening of the 
avalanche head dramatically slows down. Obviously the avalanche electric 
field is about the external one in this case (see Equation 4.4.17). Typical val- 
ues of maximum electron density in an avalanche are about 1012/10! cm™?. 
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Electric field distribution when the avalanche reaches the anode: external and space charge fields 
are shown (a) separately and (b) combined. 


As soon as the avalanche head reaches the anode, the electrons sink into the 
electrode and it is mostly the ionic trail that remains in the discharge gap. 
The electric field distortion due to the space charge in this case is shown 
in Figure 4.24. Because electrons are no longer present in the gap, the total 
electric field is due to the external field, the ionic trail, and also the ionic 
charge “image” in the anode (see Figure 4.24). The resulting electric field in 
the ionic trail near the anode is less than the external electric field, but fur- 
ther away from the electrode it exceeds Eo. The total electric field reaches the 
maximum value at the characteristic ionization distance 1/a ~0.1cm from 
the anode. 


4.4.6 Cathode- and Anode-Directed Streamers 


A strong primary avalanche is able to amplify the external electric field and 
form a thin, weakly ionized plasma channel, the so-called streamer, grow- 
ing very fast between electrodes. When the streamer channel connects the 
electrodes, the current may be significantly increased to form the spark. The 
avalanche-to-streamer transformation takes place when the internal field of 
an avalanche becomes comparable with the external electric field, for exam- 
ple, when the amplification parameter ad is sufficiently large. If the discharge 
gap is relatively small, the transformation occurs only when the avalanche 
reaches the anode. Such a streamer growth from anode to cathode is known as 
the cathode-directed or positive streamer. If the discharge gap and overvolt- 
age are large, the avalanche-to-streamer transformation can take place quite 
far from anode. In this case the so-called anode-directed or negative streamer 
is able to grow actually toward the both electrodes. 
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The mechanism of formation of a cathode-directed streamer is illustrated in 
Figure 4.25. High-energy photons emitted from the primary avalanche pro- 
vide photoionization in the vicinity, which initiates secondary avalanches. 
Electrons of secondary avalanches are pulled into the ionic trail of the primary 
one (see the electric field distribution in Figure 4.24) and create a quasi- 
neutral plasma channel. Subsequently, the process repeats providing growth 
for the streamer. The cathode-directed streamer begins near the anode, where 
the positive charge and electric field of the primary avalanche is the highest. 
The streamer appears and operates as a thin conductive needle growing from 
the anode. Obviously, the electric field at the tip of the “anode needle” is very 
large which stimulates the fast streamer propagation in the direction of cath- 
ode. Usually streamer propagation is limited by neutralization of the ionic 
trail near the tip of the needle. Here the electric field is so high that provides 
electron drift with velocities about 10° cm/s. This explains the high speed of 
streamer growth, which is also about 108 cm/s and exceeds by a factor of 10 
the typical electron drift velocity in the external breakdown field. The latter 
is usually about 10” cm/s. All streamer parameters are in some way related 
to those of the primary avalanche. Thus the diameter of the streamer chan- 
nel is about 0.01-0.1 cm and corresponds to the maximum size of a primary 
avalanche head, which can be estimated as the ionization length 1/« (see Sec- 
tion 4.4.5). Plasma density in the streamer channel also corresponds to the 
maximum electron concentration in the head of primary avalanche, which is 
about 10!7/10!3 cm~°. It is important to note that the specific energy input 
(electron energy transferred to one molecule) in a streamer channel is small 
during the short period (~30 s) of the streamer growth between electrodes. 
In molecular gases it is about 10-3 eV / mol, which in temperature units cor- 
responds to ~10 K. The anode-directed streamer occurs between electrodes 
if the primary avalanche becomes sufficiently strong even before reaching 
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FIGURE 4.25 
Illustration of a cathode-directed streamer. (a) Propagation. (b) Electric field near the streamer 
head. 
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FIGURE 4.26 
Illustration of an anode-directed streamer. (a) Propagation. (b) Electric field near the streamer 
head. 


the anode. Such streamer, which grows in two directions, is illustrated in 
Figure 4.26. The mechanism of the streamer propagation in direction of the 
cathode is obviously the same as that of cathode-directed streamers. The 
mechanism of the streamer growth in direction of the anode is also similar, 
but in this case, electrons from primary avalanche head neutralize the ionic 
trail of secondary avalanches. The secondary avalanches could be initiated 
here not only by photons, but also by some electrons moving in front of the 
primary avalanche. 


4.4.7 Criterion of Streamer Formation, the Meek Breakdown Condition 


Formation of a streamer, as was shown in Sections 4.4.5 and 4.4.6, requires 
the electric field of space charge in the avalanche E, to be of the order of the 
external field Eo: 


E e | (=) | E (4.4.19) 
= —  —, ex alt— ]x|~ : “4. 
i Anegrs P p : 


Assuming the avalanche head radius to be the ionization length: ra ~ 1/a, 
the criterion of streamer formation in the gap with the distance d between 
electrodes can be presented as the requirement for the avalanche amplification 
parameter ad to exceed the critical value: 


E AneE 
à (=) d=In— 2 = 20, Ne = exp(ad) ~ 3 x 108. (4.4.20) 
p ea 
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This convenient and important criterion of the streamer formation is known 
as the Meek breakdown condition (ad > 20). Electron attachment processes 
in electronegative gases slow down the electron multiplication in avalanches 
and increase the value of electric field required for a streamer formation. The 
situation here is similar to the case of Townsend breakdown mechanism (see 
Section 4.4.3 and Equation 4.4.9). Actually the ionization coefficient a in the 
Meek breakdown condition (Equation 4.4.20) should be replaced for elec- 
tronegative gases by a — $. However, when the discharge gaps are not large 
(in air d < 15cm), the electric fields required by the Meek criterion are rela- 
tively high; then a >> ß and the attachment can be neglected (see Figure 4.21). 
Increasing the distance d between electrodes in electronegative gases does 
lead to gradual decreases of the electric field necessary for streamer for- 
mation, but is limited by some minimum value. The minimal electric field 
required for streamer formation can be found from the ionization-attachment 
balance a(Eo j p) = B(Eo 7 p) (see Figure 4.21). In atmospheric pressure air, this 
limit is about 26 kV/cm. At atmospheric pressure in a strongly electroneg- 
ative gas such as SF¢, which is commonly used for electric insulation, the 
balance a(Eg / p) = B(Eo / p) requires very high electric field 117.5 kV /cm. Elec- 
tric field nonuniformity has a strong influence on breakdown conditions and 
an avalanche transformation into a streamer. Quite obviously, the nonunifor- 
mity as in the case of corona discharge (see next chapters), nonuniformities 
decreases the breakdown voltage for a given distance between electrodes. This 
is clear because the breakdown condition (Equation 4.4.20) requires not ad 
but the integral Ne = i a(E) dx to exceed the certain threshold. The function 
a(E) is strongly exponential (see Equation 4.4.5), which results in significantly 
higher values of the integral in a nonuniform field with respect to a uni- 
form field. In other words, the voltage applied to the rod-electrode due to the 
nonuniform electric field should provide the intense electron multiplication 
only near the electrode to initiate a streamer. Once the plasma channel is ini- 
tiated, its growth is then controlled mostly by the high electric field of its own 
streamer tip. Such a situation is considered in the next section as propagation 
of the quasi-self-sustained streamer. In this case, for very long (>1 m) and 
nonuniform systems, the average electric field can be as low as 2-5 kV/cm 
(see Figure 4.27). The breakdown threshold in the nonuniform constant elec- 
tric field also depends on the polarity of the principal electrode, where the 
electric field is higher. Then the threshold voltage in a long gap between a 
negatively charged rod and a plane is about twice as large as in the case of 
a negatively charged rod (see Figure 4.27). This polarity effect is due to the 
nonuniformity of the electric field near the electrodes. In the case of rod anode, 
the avalanches approach the anode where the electric field becomes stronger 
and stronger, which facilitates the avalanche-streamer transition. Also the 
avalanche electrons easily sink into the anode in this case leaving the ionic 
trail near the electrode enhancing the electric field. In the case of rod cathode, 
the avalanches move from the electrode into the low electric field zone, which 
requires higher voltage for the avalanche-streamer transition. 
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FIGURE 4.27 
Breakdown voltage in air at 50 Hz. (1) Rod—-rod gap; (2) rod—plane gap. 


4.4.8 Streamer Propagation Models 


The model of propagation of the quasi-self-sustained streamers was proposed 
by Dawson and Winn (1965) and then developed by Gallimberti (1972). This 
model, illustrated in Figure 4.28, assumes very low conductivity of a streamer 
channel, and makes the streamer propagation autonomous and independent 
from anode. Photons initiate avalanche at a distance xı from the center of 
the positive charge zone of radius ro. According to this model the avalanche 
then develops in the autonomous electric field of the positive space charge 
E(x) = eN+ /Ameox?, the number of electrons is increasing by ionization as 
Ne = i a(E) dx, and the avalanche radius grows by the mechanism of free 
diffusion as 


x2 1/2 
4De 


wE 


dr? 
TX ADs, 102) = | 


(4.4.21) 


X1 


FIGURE 4.28 
Illustration of a self-sustaining streamer. 
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FIGURE 4.29 
Streamer propagation from a positive 2 cm rod to a plane at distance of 150 cm, constant voltage 
125 kV. Equipotential surfaces are shown at right. 


To provide continuous and steady propagation of the self-sustained 
streamer, its positive space charge N, should be compensated by the negative 
charge of avalanche head N, = N, at the meeting point of the avalanche and 
streamer: x2 = ro + r. Also the radii of the avalanche and streamer should be 
correlated at this point r = ro. These equations permit describing the streamer 
parameters including the propagation velocity, which can be found as x2 
divided by time of the avalanche displacement from x1 to x2. Comparison 
of the Gallimberti model of streamers in the strongly nonuniform electric 
field with an experimental photograph of a streamer corona is presented in 
Figure 4.29. The model of quasi-self-sustained streamer is helpful in describ- 
ing the breakdown of long gaps with high voltage and low average electric 
fields (see Section 4.4.7 and Figure 4.27). 

A qualitatively different model of streamer propagation was developed by 
Klingbeil et al. (1972), and Lozansky and Firsov (1975). In contrast to the above 
approach of the self-sustained propagation of streamers, this model considers 
the streamer channel as an ideal conductor connected to anode (see Section 
4.4.6). In this model, the ideal conducting streamer channel is considered as an 
anode elongation in the direction of external electric field Eg with the shape 
of an ellipsoid of revolution. For ideal conducting streamers, the streamer 
propagation at each point of the ellipsoid is normal to its surface. The propa- 
gation velocity is equal to the electron drift velocity in the appropriate electric 
field. To calculate the streamer growth velocity, a convenient formula for the 
maximum electric field Em on the tip of the streamer with length / and radius 
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r was proposed by Baselyan and Goryunov (1986): 


Em ye l 
= Sot |= , 10 <- < 2000. (4.4.22) 
Eo r r 

The model of the ideal conducting streamer is also in good agreement with 
experimental results. Other more detailed numerical streamer propagation 
models taking into account the finite conductivity of the streamer channel 


will be discussed while considering corona and dielectric barrier discharges 
(DBDs). 


4.4.9 Concept of a Leader, Breakdown of Meter, and Kilometer Long Gaps 


The spark or streamer breakdown mechanism discussed above can be sum- 
marized as a sequence of three processes: (1) development of an avalanche and 
the avalanche-streamer transformation; (2) the streamer growth from anode 
to cathode; and (3) triggering of a return wave of intense ionization, which 
results in a spark formation. However, this breakdown mechanism cannot 
be applied directly to very long gaps, particularly in electronegative gases 
(including air). The spark cannot be formed by the described mechanism in 
long gaps because the streamer channel conductivity is not sufficiently high 
to transfer the anode potential close to the cathode and there stimulate the 
return wave of intense ionization and spark. This effect is especially strong 
in electronegative gases where the streamer channel conductivity is low. Also 
in nonuniform electric fields, the streamer head grow from the strong to the 
weak field region, which delays its propagation. The streamers just stop in 
the long nonuniform air gaps without reaching the opposite electrode (see 
Figure 4.29). Usually the streamer length is about 0.1-1 m. Breakdown of 
longer gaps, including those with the meter and kilometer long interelec- 
trode distances, are related to formation and propagation of the leaders. The 
leader is highly ionized and highly conductive (with respect to streamer) 
plasma channel and grows from the active electrode along the path prepared 
by the preceding streamers. Because of the high conductivity, the leaders are 
much more effective than streamers in transferring the anode potential close 
to the cathode and there stimulating the return wave of intense ionization 
and spark. The leaders were first investigated in connection with the natu- 
ral phenomenon of lightning; their propagation is illustrated in Figure 4.30. 
The leaders have high conductivity and are able to make “ideally conductive 
channels” much longer than streamers. This results in a stronger electric field 
(Equation 4.4.22) on the leader head, which is able to create new streamers 
growing from the head and preparing the path for further propagation of 
the leader. The difference between leaders and streamers is more quantitative 
than qualitative: longer length, higher degree of ionization, higher conduc- 
tivity, higher electric field; a streamer absorbs avalanches, a leader absorbs 
streamers (Figure 4.30). Heating effects of the relatively short centimeters 
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FIGURE 4.30 
Illustration of leader propagation. 


long streamers was estimated in Section 4.4.6 as about 10 K. For meter long 
channels at least near the active electrode the heating effect reaches 3000 K. 
This heating together with the corresponding high level of nonequilibrium 
excitation of atoms and molecules probably explains the transformation of 
a streamer channel into the leader. A temperature 3000 K is not sufficient 
for thermal ionization of air, but this temperature together with the elevated 
nonequilibrium excitation level is sufficiently high for other mechanisms of 
increase of electric conductivity in plasma channel. 

Gallimberti (1977) assumed a mechanism for streamer-to-leader transition 
in air related to thermal detachment of electrons from the negative ions 
O;, which are main products of electron attachment in the electronegative 
gas. The effective destruction of the ions O, and as a result compensation 
of electron attachment becomes possible if temperature exceeds 1500 K in 
dry air and 2000 K in humid air (where the electron affinity of complexes 
O; (H20); is higher). Such temperatures are available in the plasma channel 
and can provide the formation of a high conductivity leader in the electroneg- 
ative gas. During the evolution of a streamer in air, at first the Joule heat is 
stored in vibrational excitation of N2 molecules. While the temperature of 
air is increases, the VT-relaxation grows exponentially providing the explo- 
sive heating of the plasma channel. As an example typical parameters of a 
leader growing from an anode are: leader current is about 100 A (for compar- 
ison streamer current is 0.1-10 mA), the diameter of a plasma channel about 
0.1 cm, quasi-equilibrium plasma temperature is 20,000—40,000 K, electric 
conductivity is about 100 ohm™! cm7!, propagation velocity is 2 x 10° cm/s. 


4.4.10 Streamers and Microdischarges 


Streamers are elements of the spark breakdown, and their visual obser- 
vation can be related to DBD and corona discharges. DBD gap (from 
0.1 mm to 3 cm) usually includes one or more dielectric layers located 
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in the current path between metal electrodes; typical frequency is 
0.05-100 kHz; the voltage is about 10 kV at atmospheric pressure. In most 
cases, DBDs are not uniform and consist of numerous microdischarges built 
from streamers and distributed in the discharge gap. Electrons in the con- 
ducting plasma channel established by the streamers dissipate from the DBD 
gap in about 40 ns, while slowly drifting ions remain there for several micro- 
seconds. Deposition of electrons from the conducting channel onto the anode 
dielectric barrier results in charge accumulation and prevents new avalanches 
and streamers nearby until the cathode and anode are reversed. Usual DBD 
operation frequency is around 20 kHz, therefore the voltage polarity reversal 
occurs within 25 us. After the voltage polarity reverses, the deposited nega- 
tive charge facilitates formation of new avalanches and streamers in the same 
spot. As aresult,amultigeneration family of streamers is formed that is macro- 
scopically observed as a bright spatially localized filament. An initial electron 
starting from some point in the discharge gap (or from cathode or dielectric 
that cover the cathode) produces secondary electrons by direct ionization and 
develops an electron avalanche. If the avalanche is big enough (see Meek con- 
dition), the cathode-directed streamer is initiated. The streamer bridges the 
gap in few nanoseconds and forms a conducting channel of weakly ionized 
plasma. Intensive electron current flows through this plasma channel until 
local electric field collapses. Collapse of the local electric field is caused by 
the charges accumulated on dielectric surface and ionic space charge (ions 
are too slow to leave the gap for the duration of this current peak). Group 
of local processes in the discharge gap initiated by avalanche and developed 
until electron current termination usually called microdischarge. After elec- 
tron current termination, there is no longer an electron-ion plasma in the main 
part of microdischarge channel, but high levels of vibrational and electronic 
excitation in channel volume along with charges deposited on the surface and 
ionic charges in the volume allow us to separate this region from the rest of 
the volume and call it microdischarge remnant. Positive ions (or positive and 
negative ions in the case of electronegative gas) of the remnant slowly move 
to electrodes resulting in low and very long (~ 10 us for 1 mm gap) falling ion 
current. Microdischarge remnant will facilitate formation of new microdis- 
charge in the same spot as the polarity of the applied voltage changes. That 
is why it is possible to see single filaments in DBD. If microdischarges would 
form at anew spot each time the polarity changes, the discharge would appear 
uniform. Thus filament in DBD is a group of microdischarges that form on the 
same spot each time polarity is changed. The fact that microdischarge rem- 
nant is not fully dissipated before formation of next microdischarge is called 
the memory effect. 


4.4.11 Interaction of Streamers and Microdischarges 


Mutual influence of microdischarge in DBD are related to their electric inter- 
action with residual charges left on the dielectric barrier, as well as with 
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influence of excited species generated in one microdischarge on the formation 
of another microdischarge. The interaction of streamers and microdischarges 
is responsible for formation of microdischarge patterns reminiscent of 2D- 
crystals. The interaction of microdischarges is due to the following effect. 
Positive charge (or dipole field in the case of deposited negative charge) inten- 
sifies the electric field in the cathode area of the neighboring microdischarge 
and decreases electric field in the anode area. Since the avalanche-to-streamer 
transition depends mostly on near-anode electric field (from which new 
streamers originate), formation of neighboring microdischarges is actually 
prevented, and microdischarges effectively repel each other. The quasi- 
repulsion between microdischarges leads to formation of short-range order 
that is related to a characteristic repulsion distance between microdischarges. 
Observation of this cooperative phenomenon depends on several factors, 
including the number of the microdischarges and the operating frequency. 
For example, when the number of microdischarges is not large enough (when 
average distance between microdischarges is larger than characteristic inter- 
action radius), no significant microdischarge interaction is observed. When 
the AC frequency is too low to keep the microdischarge remnants from 
dissipation (low frequency means that the period is longer than typical life- 
time of microdischarge remnant or “memory effect” lifetime) microdischarge 
repulsion effects are not observed. DBD cells operating at very high (MHz) 
frequencies do not exhibit microdischarge repulsion because the very high 
frequency switching of the voltage interferes with ions still moving to elec- 
trodes. The interaction of streamers in DBD can lead to the formation of an 
organized structure of microdischarges similar to the Coulomb crystals. 


4.5 Steady-State Regimes of Nonequilibrium Electric 
Discharges 


4.5.1 Steady-State Discharges Controlled by Volume and Surface 
Recombination Processes 


The steady-state regimes of nonequilibrium discharges are provided by a bal- 
ance of generation and losses of charged particles. The generation of electrons 
and positive ions are mostly due to volume ionization processes. To sustain 
the steady-state plasma, the ionization should be quite intense; this usually 
requires the electron temperature to be on the level of 1/10 of the ionization 
potential (~1 eV). The losses of charged particles can be related to the vol- 
ume processes of recombination (Section 2.3) or attachment (Section 2.4), but 
they can be also provided by diffusion of charged particles to the walls with 
subsequent surface recombination. These two mechanisms of charge losses 
define two different regimes of sustaining the steady-state discharge: the first 
controlled by volume processes and the second controlled by diffusion to the 
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walls. If the degree of ionization is relatively high and diffusion considered 
as ambipolar, the frequency of charge losses due to the diffusion to the walls 


can be described as 
Da 


sont (4.5.1) 
Aj 


VD 


In this relation D, is the coefficient of ambipolar diffusion (see Equations 
4.3.36 and 4.3.37); and Ap is the characteristic diffusion length, which can be 
calculated for different shapes of the discharge chambers: 


1. For a cylindrical discharge chamber of radius R and length L: 
1 24\? m2 
= f 4.5.2 
re ( R ) re (z) (o2) 
2. For a parallelepiped with side lengths L4, L2, and L3: 


PP 


3. For a spherical discharge chamber with radius R: 


z = (7). (4.5.4) 


Based on Equations 4.5.1 through 4.5.4 for the diffusion charge losses, a cri- 
terion of predominantly volume-process-related charge losses and hence, a 
criterion for the volume-process-related steady-state regime of sustaining the 
nonequilibrium discharges is obtained: 


D 
ki(Te) no > —. (4.5.5) 
AD 


In this relation, k;(Te) is the ionization rate coefficient (see Equation 2.2.11 
or 2.2.18), no is the neutral gas density. Criterion (Equation 4.5.5) actually 
restricts pressure because D, « 1/p and no « p. When the pressure in a dis- 
charge chamber exceeds 10-30 Torr (range of moderate and high pressures), 
the diffusion is relatively slow and the balance of charge particles is due to 
volume processes. In this case, the kinetics of electrons as well as positive and 
negative ions can be characterized by the set of equations: 


are = kimeno — kaneno + kanon- — k&ingns. (4.5.6) 
ae = kimeno —k@nen, —k#nn_. (4.5.7) 
alia = kyneng — kanon- —k#nyn_. (4.5.8) 


dt 
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In this set of equations, n+, n_ are concentrations of positive and negative 
ions; Ne, no are concentrations of electrons and neutral species; rate coeffi- 
cients ki, ka, ka, kei, kË are related to the processes of ionization by electron 
impact, dissociative, or other electron attachment, electron detachment from 
negative ions, electron-ion and ion-ion recombination. The rate coefficients 
of processes involving neutral particles (k;, ka, ką) are expressed in Equa- 
tions 4.5.6 through 4.5.8 with respect to the total gas density. If a moderate 
or high-pressure gas is not electronegative, then the volume balance of elec- 
trons and positive ions in the nonequilibrium discharge obviously can be 
reduced to the simple ionization-recombination balance. However, for elec- 
tronegative gases, two qualitatively different self-sustained regimes can be 
achieved (at different effectiveness of electron detachment): one controlled 
by recombination and the other controlled by electron attachment. 


4.5.2 Discharge Regime Controlled by Electron—lon Recombination 


In some discharges, destruction of negative ions, for example, by the electron 
detachment is faster than ion-ion recombination: 


kano > king. (4.5.9) 


In this case, the losses of charged particles are due to the electron-ion recom- 
bination similarly to nonelectronegative gases. Such situations can take place 
in plasma—chemical processes of CO2 and H20 dissociation, and NO syn- 
thesis in air. In these systems the associative electron detachment processes 
proceeds very fast: 


O +CO— CO +e, O +NO—> NO: +e, 
O~ +H: > H20 +e. 


(4.5.9a) 


These require about 0.1 us at concentrations of the CO, NO, and H2 
molecules ~ 10!7cm~3. This electron liberation time (at relatively low degrees 
of ionization) is shorter than time of ion-ion recombination, and according to 
Equation 4.5.9, the discharge is controlled by electron-ion recombination. The 
electron attachment and detachment are in the dynamic quasi-equilibrium in 
the recombination regime (Equation 4.5.9) during the time sufficient for elec- 
tron detachment (t > 1 / kano). Then the concentration of negative ions is in 
dynamic quasi-equilibrium with electron density: 


k 
n- = —Ne = Nes. (4.5.10) 

ka 
Using the quasi-constant parameter ç = k,/kg, reduce Equations 4.5.6 
through 4.5.8 to the kinetic equation for electron concentration. This equa- 
tion can be derived by taking into account the plasma quasi-neutrality 
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ny =ne +n_=ne(1 + s), and substituting Equation 4.5.10 into Equation 4.5.7 
for positive ions: 
dne k; 


af Te (kË tek ne (4.5.11) 


The parameter ¢ = ka/ką shows the detachment ability to compensate the 
electron losses due to attachment. If ¢ <1, the attachment influence on 
the electron balance is negligible and the kinetic equation 4.5.11 becomes 
equivalent to that for nonelectronegative gases including only ionization and 
electron-ion recombination. The kinetic equation includes the effective rate 
coefficient of ionization kef = k;/(1 + s), which interprets the fraction of elec- 
trons lost in the attachment process as not generated by ionization at all. In 
the same manner, the coefficient kf = kei + ki! in Equation 4.5.11 can be 
interpreted as the effective coefficient of recombination. This effective coeffi- 
cient of recombination describes both the direct electron losses through the 
electron-ion recombination, and the indirect electron losses through attach- 
ment and following ion-ion recombination. Equation 4.5.11 describes the 
electron concentration evolution to the steady-state ne magnitude of the 
recombination-controlled regime: 


Ne kef (To) = ke 
fy ke RE +A +o) 


(4.5.12) 


The important peculiarity of the recombination-controlled regime of a 
nonequilibrium discharge is the fact that there is the steady-state degree of 
ionization (ne/no) for each value of electron temperature Te. The criterion 
of recombination-controlled regime (Equation 4.5.9) can be rewritten using 
only rate coefficients, taking into account the quasi-neutrality n} = ne +n_ = 
ne(1 + ¢) and Equation 4.5.12: 


(ke _ ka) kï 


ka > A 


(4.5.13) 


4.5.3 Discharge Regime Controlled by Electron Attachment 


This regime takes place if the balance of charged particles is due to volume 
processes and the discharge parameters correspond to inequalities opposite 
to Equations 4.5.9 and 4.5.13. In this case, the negative ions produced by 
electron attachment go almost instantaneously into ion-ion recombination, 
and electron losses are mostly due to the attachment. The steady-state solution 
of Equation 4.5.7 for the attachment-control regime can be presented as 


ki(Te) = ka(Te) + KÄ a, (4.5.14) 
0 


Plasma Statistics and Kinetics of Charged Particles 231 


1071! 
10712 | 
(Elng): 1016, V/cm 
10713 I 1 I 
5 7 9 
L L L L 
1.3 1.7 2.1 T,, ev 


FIGURE 4.31 
Rate coefficients of (1) ionization and (2) dissociative attachment for CO. 


In the attachment-controlled regime the electron attachment is usually 
faster than recombination, and Equation 4.5.14 actually requires k;(T.) ~ 
ka(Te). The exponential functions k;(Te) and ka(Te) usually appear as shown 
in Figure 4.31 (see also Figure 4.21), and have the only crossing point 
Tst. This crossing point determines the steady-state electron temperature in 
the nonequilibrium discharge, self-sustained in the attachment-controlled 
regime. In contrast to the recombination-controlled regime, the steady-state 
nonequilibrium discharge can be controlled by electron attachment only at 
high electron temperatures (Te > Tst). From Equation 4.5.14, it is seen that 
the generation of electrons cannot compensate their losses at lower values of 
electron temperature without detachment. 


4.5.4 Discharge Regime Controlled by Charged Particles Diffusion 
to the Walls: The Engel-Steenbeck Relation 


When the gas pressure is relatively low and the inequality opposite to Equa- 
tion 4.5.5 is valid, then the balance of charged particles is governed by the 
competition between ionization in volume and diffusion of charged particles 
to the walls (Equations 4.5.1 through 4.5.4). The balance of direct ionization 
by electron impact (Equation 2.2.11) and ambipolar diffusion to the walls of 
a long discharge chamber of radius R (see Equations 4.5.1, 4.5.2, and 4.3.36) 
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gives the relation between electron temperature and pressure: 


TA I oo ( 81 \"? (no 2 02 
o EE Ero em 


This is the Engel-Steenbeck relation for the diffusion-controlled regime 
of nonequilibrium discharges. Here I is the ionization potential, w; is the 
ion mobility, øo is the electron-neutral gas-kinetic cross section, m is the 
electron mass. If the gas temperature is fixed, the parameter wip and no/p 
in Equation 4.5.15 are constant, and the Engel-Steenbeck relation can be 


written as 
/ I 
Te exp (=) = C(pR)’. (4.5.16) 
I T; 


The constant C depends only on the type of gas. Table 4.5 provides values 
of C for some gases. The universal relation between T,/I and the similarity 
parameter CpR for the diffusion-controlled regime is usually presented as a 
graph (see Figure 4.32). The gas type parameters C for this graph are also 
given in Table 4.5. From the Engel-Steenbeck curve, the electron temperature 
in the diffusion-controlled regimes decreases with increases of pressure and 
radius of the discharge tube. In contrast to the regimes sustained by volume 
processes, the diffusion-controlled regimes are sensitive to radial density dis- 
tribution of charged particles. Such radial distribution for a long cylindrical 
discharge follows the Bessel function: 


ne(r) x Jo (5) l (4.5.17) 


4.5.5 Propagation of Electric Discharges 


The electric fields required to initiate a discharge usually exceed those 
necessary to sustain the nonequilibrium steady-state plasma. This can be 
explained by the formation of excited and chemically active species in 
plasma, which facilitates the nonthermal ionization mechanisms, facilitates 


TABLE 4.5 

Numerical Parameters of the Engel-Steenbeck Relation 
Gas C (Torr™2 cm~2) c (Torr cm71) 
No 2x 104 4x 1072 
He 2 x 102 4x 1073 

Hp 1.25 x 10° 10-2 

Ar 2x 104 4 x 1072 


Ne 4.5 x 102 6 x 1073 
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FIGURE 4.32 
Universal relation between electron temperature, pressure, and discharge tube radius. 


destruction of negative ions and finally reduces the requirements for the elec- 
tric field. Thermal plasma propagation is related to the heat transfer processes 
providing high temperatures sufficient for thermal ionization of the incom- 
ing gas (Raizer, 1974). The nonthermal plasma propagation at high electric 
fields can be provided by electron diffusion in front of the discharge (Munt 
et al., 1969; Baranov et al., 1972). The specific mechanism of discharge prop- 
agation in plasma—chemical systems is related to preliminary propagation 
of such discharge facilitating species as excited atoms and molecules, or 
products of chemical reactions providing the effective electron detachment 
(Liventsov et al., 1988). Analyze this mechanism, taking as an example the 
nonthermal discharge 1D propagation in CO? in uniform electric field, Te 
about 1 eV (see Figure 4.33). The breakdown of CO? is controlled by the dis- 
sociative attachment e + CO2 —> CO + O`% and requires high electric fields 
and electron temperatures exceeding 2 eV (see Figure 4.31). However, CO2 
dissociation in plasma produces sufficient CO to provide effective electron 
detachment (Equation 4.5.9a) and the recombination-controlled regime cor- 
responding to the lower electric fields under consideration. The parameters of 
the CO? discharge under consideration, propagating in fast gas flow are: ne = 
10! cm, no = 3 x 1018 cm~’, Te = 1 eV, To = 700 K (Boutylkin et al., 1981). 
Based on Equations 4.5.9 and 4.5.12, the critical value of CO-concentration 
separating the attachment and recombination-controlled regimes is 
Kak} Sgigh 
[CO] = - no © (107? /107*)no. (4.5.18) 
kgke 


If the CO-concentration exceeds the critical value [CO] > [CO]er, the 
recombination-controlled balance gives the relatively high electron density: 


kj (Te) 


Ne (Te) = kei 
r 


no. (4.5.19) 


234 Plasma Physics and Engineering 


Conversely, if the carbon monoxide concentration is below the critical limit, 
[CO] < [CO]er, then the electron concentration is very low, controlled by the 
dissociative attachment and is also proportional to the CO concentration: 


-kika 
= ka kï 


r 


[CO]. (4.5.20) 


Ne 


Thus propagation of the electron concentration and of the discharge in 
general is related to the propagation of the CO-concentration. Most of CO 
production in this system is due to dissociation of vibrationally excited CO2 
molecules and takes place in the main plasma zone III (Figure 4.33). CO 
diffusion from zone II into zone II provides the high CO concentration for sus- 
taining the high electron concentration (Equation 4.5.19), that subsequently 
provides the vibrational excitation and CO? dissociation in zone III. Further 
decrease of the CO concentration below the critical value in zone I corresponds 
to a dramatic fall of the electron concentration (Equation 4.4.20). 


4.5.6 Propagation of the Nonthermal lonization Wave Self-Sustained 
by Diffusion of Plasma Chemical Products 


To determine the evolution of the profile of electron concentration and the 
velocity of the ionization wave, the linear 1D propagation of CO concentration 
along the x-axis in the plasma-dissociating CO2 was described by differential 
equation with only the variable § = x + ut (Liventsov et al., 1988): 


3? [CO] 


et x +86, To, To, Me, no). (4.5.21) 


u =D 
0g 0g 


In this equation, u is the velocity of ionization wave (discharge propagation); 
Ty and To are vibrational and translational gas temperatures; ne, no are electron 


II 


Ill 


FIGURE 4.33 

Electron and CO density distributions in the front of propagating discharge. (I) Low electron 
concentration zone. (II) Discharge zone where CO-diffusion provides effective detachment and 
sufficient electron density. (III) Effective CO2 dissociation zone. 
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and neutral gas concentrations; D is the diffusion coefficient of CO molecules, 
and g is a model source of CO as a result of CO? dissociation: 


[CO]er [CO]() | (4.5.22) 


6) = Z ex | a 
aera PI CO-a. [Og 


Here tey = 1 j: keyn! is the vibrational excitation time in zone II; [CO]o = 
[CO] (Œo) is the maximum concentration of CO at the end of zone III £o = 
UTchem, Techem İS the total chemical reaction time in zone III; parameter a ~ 
3 shows the exponential smallness of the dissociation rate at the end of 
zone III § — £0, t + tchem, when the process is actually completed. The 
boundary conditions for Equation 4.5.21 should be taken as [CO](—oo) = 
0, [CO](€o) = [CO]o. The source g(§) is not powerful at the negative values 
of £, and perturbation theory can be applied to solve the nonlinear equations 
4.5.21 and 4.5.22. The nonperturbed equation (g = 0) gives the solution 
[CO] = [CO] exp(é u/D). Contribution of the source g(&) in the first-order 
perturbation theory leads to the linear equation: 


0 ð 
<- {u[CO]() — D— 


een ee ESH 
JE JE [CO](—)} = ie exp | N exp ( D ) (4.5.23) 


with the numerical parameter N, which is equal to 


[CO]er U* tev 
N= ; 4.5.24 
[CO]o exp D ( 5 ) 


Taking into account the asymptotical decrease of the right-hand part of 
Equation 4.5.23 as  —> —oo, the solution of this equation can be presented as 


[COe) = Eu D no Eu Eu 
&) = [CO] exp D 1 Pte (COs exp D Nexp -p F 


(4.5.25) 


First-order perturbation theory permits solving Equations 4.5.21 and 4.5.22 
in the interval 0 < § < &9 because as £ — &o the source g(&) also becomes very 
small. First-order perturbation theory gives 


no §-— 50 
[CO]o Utev 


[CO](§) = [CO]o{1 + exp(—a)}. (4.5.26) 


Equations 4.5.25 and 4.5.26 give solutions for the concentration profiles for 
both positive and negative magnitudes of the auto-model variable £. To find 
the united solution, Equations 4.5.25 and 4.5.26 are matched at the wave front 
& = 0. Such cross-linking of the solutions is possible only at the similar value 
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of the parameter u?, for example, only at the magnitude of the velocity of the 
ionization wave: 
De? 


D 
u? = — In E In (a—)| ; (4.5.27) 
TeV U“Tchem 


where y = [CO]o / [CO]er ~ 10° — 104 (see Equation 4.5.18). If the parameter 
a ~ 3, the solution of the transcendent equation 4.5.27 for the velocity of the 
ionization wave can be expressed as 


D 
ux — lny. (4.5.28) 
TeV 


This velocity of the ionization wave and nonthermal discharge propaga- 
tion can be physically interpreted as the velocity of diffusion transfer of the 
detachment active heavy particles (CO) ahead of the discharge front on a 
distance necessary for effective vibrational excitation of CO2 molecules with 
their further dissociation. For numerical calculations it is convenient to rewrite 
Equation 4.5.28 in terms of the speed of sound cs, Mach number M, and the 
ionization degree in plasma ne/no : 


u ~ 30c. |, M=30./™, (4.5.29) 
no no 


From Equations 4.5.28 and 4.5.29, the velocity of the nonequilibrium ion- 
ization wave propagation actually does not strongly depend on the details 
of propagation mechanism. It depends mostly on the degree of ionization in 
the main plasma zone and also on the critical amount 1/y of the ionization 
active species (in this case CO), which should be transported in front of the 
discharge to facilitate ionization. The degree of ionization in discharges under 
consideration is moderate and the discharge velocity Equation 4.5.29 is always 
lower than the speed of sound. Discharge propagation in very fast flows, in 
particular in supersonic flows, requires special consideration (Raizer, 1974). 


4.5.7 Nonequilibrium Behavior of Electron Gas, Difference between 
Electron and Neutral Gas Temperatures 


There are two principal aspects of the nonequilibrium behavior of an elec- 
tron gas: the first is related to temperature differences between electrons and 
heavy particles; the second is concerned with significant deviation of the 
degree of ionization from that predicted by the Saha equilibrium. Ionization 
is mostly provided by electron impact and the ionization process should be 
quite intensive to sustain the steady-state plasma. This usually requires the 
electron temperature Te to be at least on the level of 1/10 of the ionization 
potential (~1 eV). Indeed, the electron temperature in a plasma is usually 
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about 1-3 eV, for both for thermal equilibrium and cold nonequilibrium dis- 
charges. It is the gas temperature Tp, which determines the equilibrium or 
nonequilibrium plasma behavior; in thermal discharges Tp is high and sys- 
tem can be close to equilibrium, in nonthermal discharges To is low and the 
degree of nonequilibrium T,/To can be high, sometimes up to 100. The effect 
of nonequilibrium T,/To >> 1 is due to the fact that for some reason, the neu- 
tral gas is not heated in the discharge. Thus, in low-pressure discharges, it is 
related to intense heat losses to the discharge chamber walls. The difference 
between the gas temperature in plasma To and room temperature Too in such 
discharges can be estimated from the simple relation: 


To-To _ P 

Too Po (4.5.30) 

In this relation, P is the discharge power per unit volume (specific power), 
Po is the critical value of specific power corresponding to the gas temper- 
ature increase over Too = 300K. Taking into account that both the thermal 
conductivity and adiabatic discharge heating per molecule are reversibly 
proportional to pressure, practically the critical specific power does not 
depend on pressure and numerically is Po = 0.1/0.3 W/cm?. In moderate 
and high-pressure nonequilibrium discharges (usually more than 20-30 Torr) 
where heat losses to the wall are low, the neutral gas overheating can be 
prevented either by high velocities and low residence times in the dis- 
charge or by short time of discharge pulses in non-steady-state systems. 
In both cases, this restricts the specific energy input Ey, that is, the energy 
transferred from the electric discharge into the neutral gas calculated per 
molecule (it can be expressed in eV/mol or in J/ cm). The relation similar 
to Equation 4.5.30, estimating overheating for moderate and high-pressure 
nonequilibrium discharges, can be presented as 


To — Too _ E-n) (45.31) 
Too CpyT 00 


Here, cp is the specific heat, n is the energy efficiency of plasma chem- 
ical process, which is the fraction of discharge energy spent to perform 
chemical reaction. The energy efficiency y in moderate and high-pressure 
plasma-chemical systems stimulated by vibrational excitation can be large, 
up to 70-90% in the particular case of CO2 dissociation, which facilitates the 
conditions necessary for sustaining the nonequilibrium. In this case, Equa- 
tion 4.5.31 restricts the specific energy input by pretty high critical value 
E, © 1.5 eV/mol. However, the nonequilibrium discharge can be overheated 
and converted into a thermal discharge even at specific energy inputs due to 
possible plasma instabilities. Another important element of the nonequilib- 
rium behavior of electron gas in electric discharges is the strong deviation of 
the electron energy distribution function from the Maxwellian distribution. 
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This effect is also primarily due to the low neutral gas temperature. Hence, 
this leads to low concentration of electronically excited atoms and molecules, 
which causes electrons to establish their energy balance directly with the 
electric field. 


4.5.8 Nonequilibrium Behavior of Electron Gas, Deviations 
from the Saha—Degree of lonization 


The quasi-equilibrium electron concentration and degree of ionization can 
be found as a function of one temperature, based on the Saha formula 
(Equation 4.1.15). Although the ionization processes (both in thermal and 
nonthermal discharges) are provided by the electron gas, for nonequilibrium 
discharges the Saha formula with electron temperature Te gives the ioniza- 
tion degree ne /no several orders higher than the real one. Obviously, the Saha 
formula assuming the neutral gas temperature gives even much less electron 
concentrations and much worse agreement with reality. This nonequilibrium 
effect is due to the presence of additional channels of charged particles losses 
in cold gas. These are much faster than those reverse processes of recom- 
bination leading to the Saha equilibrium. The Saha equilibrium actually 
implies the balance of ionization by electron impact and the double-electron, 
three-body recombination: 


etA 4 At+ete. (4.5.32) 


In reality, however, the charged particles losses in moderate and high- 
pressure systems are mostly due to the dissociative recombination: 


e+ AB% > A+B* 


This recombination process is much faster than the three-body recombination 
process while at the same time it is not compensated by the reverse process 
of associative ionization because of relatively low density of electronically 
excited atoms. The low (underequilibrium) density of the excited species in 
nonthermal plasma is due to intensive energy transfer in other degrees of 
freedom. Further, in nonequilibrium low-pressure discharges, the ionization 
is not compensated by three-body recombination but rather by the diffusion 
to the walls, which is also much faster and obviously not balanced by electron 
emission. 


PROBLEMS AND CONCEPT QUESTIONS 


1. Average vibrational energy and vibrational specific heat. Based on the 
equilibrium Boltzmann distribution function (Equation 4.1.11), find 
the average value of vibrational energy and related specific heat of a 
diatomic molecule. Analyze the result for the case of high (T >> hw) 
and low (T >> hw) temperatures. 
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10. 


11. 


Ionization equilibrium: The Saha equation. Using the Saha equation, 
estimate the degree of ionization in the thermal Ar-plasma at atmo- 
spheric pressure and temperature T = 20,000 K. Explain why the 
high ionization degree can be reached at temperatures much less 
than the ionization potential. 

Statistics of plasma radiation at the complete thermodynamic equilib- 
rium (CTE). Calculate the total radiation of the Ar-arc discharge 
plasma with a surface area of 10 cm? at an equilibrium temper- 
ature T = 20,000K assuming CTE conditions. Does such thermal 
radiation power look reasonable for the arc discharge? 

The Debye corrections of thermodynamic functions in plasma. Estimate 
the Debye correction for the Gibbs potential per unit volume of a 
thermal Ar-plasma at atmospheric pressure and equilibrium tem- 
perature T = 20,000 K. The ionization degree can be calculated using 
the Saha equation. 

The Treanor distribution function. Estimate the normalizing factor 
B for the Treanor distribution function, taking into account only 
relatively low levels of vibrational excitation. Find a criterion 
for application of such a normalizing factor (most of molecules 
should be located on the vibrational levels lower, than the Treanor 
minimum). 

Average vibrational energy of molecules, following the Treanor distribu- 
tion. Based on the nonequilibrium Treanor distribution function, 
find the average value of vibrational energy taking into account 
only relatively low vibrational levels. Find an application criterion 
for the result (most of molecules should be located on the vibrational 
levels lower than the Treanor minimum). 

The Boltzmann kinetic equation. Prove that the Maxwell distribu- 
tion function is an equilibrium solution of the Boltzmann equa- 
tion. Compare the Maxwell distribution functions for 3D-velocities 
(Equation 4.2.9), absolute value of velocities, and for translational 
energies (Equation 2.1.1). 

Entropy of electrons in nonequilibrium plasma. Using Equation 4.2.10, 
estimate the entropy of plasma electrons, following the Druyvesteyn 
electron energy distribution function, as a function of reduced 
electric field in nonthermal discharges. 

The Krook collisional operator for momentum conservation equation. 
Compare the frictional and particle generation terms in the Krook 
collisional operator, and explain why the frictional term usually 
dominates in nonthermal discharges. 

The Fokker—Planck kinetic equation. Using the Fokker—Planck kinetic 
equation in the form Equation 4.2.27, estimate the time that is nec- 
essary to re-establish the steady-state electron energy distribution 
function after fluctuation of the electric field. 

The Druyvesteyn electron energy distribution function. Calculate 
the average electron energy for the Druyvesteyn distribu- 
tion. Define the effective electron temperature of the distribu- 
tion and compare it with that of the Maxwellian distribution 
function. 
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12. The Margenau electron energy distribution function. Compare the 
behavior of Margenau and Druyvesteyn distribution functions. 
Estimate the average electron energy and effective electron tem- 
perature for the Margenau electron energy distribution function. 
Consider the case of very high frequencies, when the Margenau 
distribution becomes exponentially linear with respect to electron 
energy. 

13. Influence of vibrational temperature on electron energy distribution 
function. Simplify the general relation (Equation 4.2.36), describ- 
ing the influence of vibrational temperature on the electron energy 
distribution function, for the case of high vibrational temperatures 
Ty > ho. Using this relation, estimate the typical acceleration of ion- 
ization rate coefficient corresponding to 10% increase of vibrational 
temperature. 

14. Influence of molecular gas admixture to a noble gas on electron energy dis- 
tribution function. Using Equation 4.2.29, estimate the percentage of 
nitrogen to be added to a nonthermal discharge initially sustained in 
Ar to change behavior of the electron energy distribution function. 

15. Electron—electron collisions and maxwellization of electron energy dis- 
tribution function. Calculate the minimum ionization degree ne /nọo, 
when the maxwellization provided by electron-electron collisions 
becomes essential in establishing the electron energy distribution 
function in the case of (1) argon plasma, Te = 1 eV and (2) nitrogen 
plasma Te = 1 eV. 

16. Relation between electron temperature and reduced electric field. Cal- 
culate the reduced electric field necessary to provide an electron 
temperature Te = 1 eV in the case of: (1) argon plasma and (2) 
nitrogen plasma. Compare and discuss the results. 

17. Electron conductivity. Calculate the electron conductivity in plasma 
using Equation 4.3.7 assuming a constant value of the electron mean 
free path X. Compare the result with Equation 4.3.8 corresponding 
to a constant value of the electron—neutral collision frequency. 

18. Joule heating. Using Equation 4.3.10 for the Joule heating, prove the 
stability of a thermal plasma sustained at a constant current density 
Í = oÈ with respect to fluctuation of plasma temperature. 

19. Similarity parameters. Based on the similarity parameters, presented 
in Table 4.1, find the electron mean free path, electron-neutral col- 
lision frequency and electron mobility in atmospheric pressure air 
at (1) room temperature, (2) at 600 K. 

20. Electron drift in the crossed electric and magnetic fields. Explain why 
the electron drift in crossed electric and magnetic fields is impos- 
sible at fixed values of magnetic field and relatively high values 
of electric field. Estimate the criteria for the critical electric field. 
Illustrate the electron motion if the electric field exceeds the critical 
value. 

21. Electric conductivity in the crossed electric and magnetic fields. Calcu- 
late the lower and upper application limits of the ratio wg/Ven for 
the transverse plasma conductivity (Equation 4.3.19) in a strong 
magnetic field. Discuss the difference in magnetic fields and gas 
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pressures necessary for trapping plasma electrons and ions in the 
magnetic field. 

Plasma rotation in the crossed electric and magnetic fields, plasma cen- 
trifuge. Describe plasma motion in the electric field E(r) created by 
a long charged cylinder and uniform magnetic field B parallel to the 
cylinder. Derive a relation for the maximum operation pressure of 
such plasma centrifuge. Is it necessary or not to trap ions in the mag- 
netic field to provide the plasma rotation as a whole in this system? 
Is it necessary or not to trap electrons in the magnetic field? 
Electric conductivity of strongly ionized plasma. In calculating the elec- 
tric conductivity of a strongly ionized plasma (Equation 4.3.20), why 
is the electron—neutral and electron-ion but not electron-electron 
collisions taken into account? 

Free diffusion of electrons. Using the similarity parameters presented 
in Table 4.2, estimate the free diffusion time of electrons with tem- 
perature about 1 eV to the wall of the 1cm diameter cylindrical 
chamber filled with atmospheric pressure nitrogen. 

Ambipolar Diffusion. Estimate the ambipolar diffusion coefficient in 
room temperature atmospheric pressure nitrogen at an electron 
temperature about 1 eV. Compare this diffusion coefficient with 
that for free diffusion of electrons and free diffusion of nitrogen 
molecular ions (take the ion temperature as room temperature). 
Debye radius and ambipolar diffusion Estimate the Debye radius 
and, hence, the size scale at which diffusion of charged particles 
should be considered not as ambipolar but free in the nonthermal 
discharge. Take as an example the electron temperature of 1 eV 
and electron concentration of 10!2cm73. Which specific plasma 
systems and plasma chemical processes can involve such size 
scales? 

Thermal conductivity in plasma, related to dissociation and recombination 
of molecules. Based on Equation 4.3.46 for the effect of dissociation 
on thermal conductivity and Equation 4.1.18 for equilibrium degree 
of dissociation, determine a general expression for the tempera- 
ture range corresponding to the strong influence of the dissociation 
on thermal conductivity. Compare the result with numerical data 
presented in Figure 4.15. 

Thermal conductivity in plasma, related to ionization and charged par- 
ticles recombination. Discuss the effect of ionization-recombination 
and different chemical reactions on the total coefficient of thermal 
conductivity in high temperature quasi-equilibrium plasma. In the 
same way as in dissociation effect (Equations 4.3.44 and 4.3.45), 
derive formula for calculating the coefficient of thermal conductiv- 
ity related to the ionization process. Compare influence of these two 
effects on the total thermal conductivity. 

The Townsend breakdown mechanism. Based on Equations 4.4.4 and 
4.4.6 and Table 4.3, compare the Townsend breakdown conditions 
in molecular gases (take air as an example) and monatomic gas (take 
argon as an example). How can you explain the difference between 
these two cases? 
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30. The Stoletov constant and energy price of ionization. Using the electron 
energy distribution between ionization and different channels of 
excitation, presented in Figures 3.9 through 3.16, estimate the energy 
price of ionization in electric discharges as function of reduced elec- 
tric field. Compare this ionization cost with the Stoletov constant 
and explain the similarity and difference between them. 

31. Effect of electron attachment on breakdown conditions, formation of 
streamers and leaders. Which attachment mechanism, the dissociative 
attachment or three-body attachment, is more important in prevent- 
ing different breakdown related phenomena? Is there a difference 
from this perspective in preventing a Townsend breakdown and 
formation of streamers and leaders? 

32. Radial growth of an avalanche due to repulsion of electrons. Based on con- 
sideration of the radial electron drift in the avalanche head, derive 
Equation 4.4.17 for the transverse growth of the avalanche due to 
repulsion of electrons. Estimate the critical value of ax when this 
repulsion effect exceeds that of the free electron diffusion. 

33. Limitation of electron density in avalanche due to electron repulsion. Ana- 
lyzing the electric charge of an avalanche head and its size (when 
it is controlled by the electron repulsion), show that the electron 
density in the head reaches a maximum value that does not depend 
on x. Estimate and discuss the numerical value of the maximum 
electron concentration. 

34. Energy input and temperature in a streamer channel. As it was 
shown, the specific energy input (electron energy transferred to 
one molecule) in a streamer channel is small during the short 
period (~30 s) of the streamer growth between electrodes. In molec- 
ular gases it is about 10-3 eV 7 mol, which in temperature units 
corresponds to ~10 K. In this case, estimate the vibrational tem- 
perature in the streamer channel taking the vibrational quantum as 
hw = 0.3 eV. 

35. Streamer propagation velocity. In the framework of the model of 
ideally conducting streamer channel (Equation 4.4.22) estimate the 
difference between the streamer velocity and electron drift velocity. 
Explain the streamer propagation velocity dependence on its length 
at other parameters fixed. 

36. Leader. Estimate the electric field on the head of a 2-m long leader 
and calculate the correspondent electron drift velocity. Compare 
the electron drift velocity with a leader propagation velocity and 
explain the difference (for streamer channel growth, these velocities 
are usually supposed to be equal). 

37. Steady-state nonthermal discharge regime in nonelectronegative gas. Tak- 
ing into account the absence of negative ions in nonelectronegative 
gases, simplify the set of Equations 4.5.6 through (4.5.8) and find 
the steady-state concentrations of charged particles. Compare the 
results with density of charged particles in the recombination- 
controlled regime of a discharge in electronegative gas. 

38. Recombination-controlled regime of steady-state nonthermal discharge. 
Analyzing Equation 4.5.12, determine how the ionization degree 
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in the recombination-controlled regime depends on concentra- 
tion of species, providing electron detachment from negative ions. 
Take as an example the steady-state nonthermal discharge in CO, 
with small additions of CO, providing the effective detachment 
(Equation 4.5.9a). 

Attachment-controlled regime of steady-state nonthermal discharge. In 
the attachment controlled regime (Equation 4.5.14), the electron 
temperature and reduced electric field are actually fixed by the 
ionization-attachment balance k;(Te) © kq(Te). What is the restric- 
tion on electron concentration and degree of ionization in this case? 
How to calculate these? From this point of view, analyze the differ- 
ence between the nonthermal glow and microwave discharges. 
The Engel-Steenbeck model, diffusion-controlled discharges. Calculate 
the electron temperature in nonthermal sustained discharge in 
nitrogen with a pressure 1 Torr and radius 1 cm, based on the Engel- 
Steenbeck model. Estimate the reduced electric field corresponding 
to the electron temperature. Compare this reduced electric field with 
that required for nitrogen breakdown in the similar conditions. 
Propagation of nonthermal discharges. Imagine a steady-state nonther- 
mal discharge in a gas flow with the ionization wave propagation 
velocity exceeding the gas flow velocity. Discuss. 

Ionization wave propagation. According to Equation 4.5.29, what level 
of electron concentration and degree of ionization is necessary to 
provide the velocity of the ionization wave close to the speed 
of sound? Explain why such discharge conditions are physically 
nonrealistic for the type of ionization wave under consideration. 


243 


5 


Kinetics of Excited Particles in Plasma 


5.1 Vibrational Distribution Functions in Nonequilibrium 
Plasma: The Fokker-Planck Kinetic Equation 


5.1.1 Nonequilibrium Vibrational Distribution Functions: General Concept 
of the Fokker-Planck Equation 


The statistical approaches provide only qualitative analysis of the vibrational 
kinetics. Only the kinetic equations permit describing the evolution of the 
vibrational distributions, taking into account all the variety of relaxation pro- 
cesses and chemical reactions. The electrons in nonthermal discharges mostly 
provide excitation of low vibrational levels, which determines vibrational 
temperature. Formation of the highly excited and chemically active molecules 
depends on many different processes in plasma, but mostly on the compe- 
tition of multistep VV-exchange processes and vibrational quanta losses in 
VT-relaxation. This competition should be described to determine the popula- 
tion of the highly excited states. Different kinetic approaches were developed 
to describe the evolution of the vibrational distributions in nonequilibrium 
systems (see, for example, Nikitin and Osipov, 1977; Likalter and Naidis, 
1981; Capitelli, 1986; Gordiets and Gdanok, 1986). The vibrational kinetics in 
plasma chemical systems includes not only the relaxation processes in the 
collision of heavy particles and chemical reactions, but also the direct energy 
exchange between the electron gas and excited molecules (the so-called eV- 
processes). The necessity of simultaneous consideration of so many kinetic 
processes with different natures suggests using the Fokker-Planck approach. 
This was developed for vibrational kinetics by Rusanov et al. (1979). In the 
framework of this approach, the evolution of vibrational distribution function 
is considered as diffusion and drift of molecules in the space of vibrational 
energies (or in other words, as the diffusion and drift of the molecules along 
the vibrational spectrum). The distribution f (E) of molecules over vibrational 
energies E (the vibrational distribution) can be considered as the density in 
energy space and determined from the continuity equation: 


=— + —J(E) =0. (5.1.1) 
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In this continuity equation, J (E) is the flux of molecules in the energy space, 
which additively includes all relaxation and energy exchange processes, while 
taking into account chemical reactions from different vibrationally excited 
states. 


5.1.2 The Energy-Space Diffusion-Related VT-Flux of Excited Molecules 


Consider the vibrational kinetics for a diatomic molecular gas plasma. The VT- 
relaxation of molecules with vibrational energy E and vibrational quantum 
hw is conceptually viewed as diffusion along the vibrational energy spectrum 
and is illustrated in Figure 5.1. The VT-flux then can be expressed as 


jvt =f (E) kyr (E, E + ho) nohw — f(E + hw) kyr(E + ho, E)nohw. (5.1.2) 


Here, kyr (E + hw, E)no and kyr (E, E + hw)ng are the frequencies of the direct 
and reverse processes of vibrational relaxation, whose ratio is exp hw/To; no 
is the neutral gas density. Expanding the vibrational distribution function in 
series f (E + hw) = f (E) + hwof (E)/dE, and denoting the relaxation rate coef- 
ficient kyr(E + hw, E) = kyr(E), rewrite Equation 5.1.2 in the final form of the 
energy-space diffusion VT-flux: 


of (Œ) 


jvt = —Dyt(E) ES F Bor é) (5.1.3) 


In this relation, the diffusion coefficient Dyr of the excited molecules in the 
vibrational energy space, related to VT-relaxation, has been introduced: 


Dyr(E) = kyr(E)no(ho)?. (5.1.4) 
This definition of the diffusion coefficient along the energy spectrum is 


quite natural and corresponds to that for the conventional diffusion coef- 
ficient in coordinate space (see Equation 4.3.31). Obviously, the mean free 
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FIGURE 5.1 
Illustration of VT-flux in energy space. 
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path > in the conventional coordinate space corresponds to the vibrational 
quantum fiw in energy space; and the frequency of collisions v in the coor- 
dinate space corresponds to the quantum transfer frequency kyr(E)no in 
energy space. The energy-space diffusion coefficient Dyr(E) grows expo- 
nentially with increasing vibrational energy according to the Landau—Teller 
relation (Equation 3.4.23). The translational temperature parameter Bo in 
Equation 5.1.3 is defined by the following relation: 


1 ( ho ) 
P To 


If the translational gas temperature is relatively high, To > hw, then 
Bo = Bo = 1/To. The first term in the flux-relation, Equation 5.1.3, can be 
interpreted as diffusion and the second term as the drift in the energy 
space; then Bo = Bo = 1/To is the ratio of diffusion coefficient over mobil- 
ity, completely in accordance with the Einstein relation. However, for lower 
translational temperatures Tp < hw, Bo < Bo = 1/To. This corresponds to the 
quantum-mechanical effect of a VT-flux decrease with respect to the case 
of quasi-continuum vibrational spectrum. The Equation 5.1.3 can only be 
applied for not very abrupt changes of the vibrational distribution function: 


ð Inf (E) 
ðE 


he «1, (5.1.6) 


which is necessary to make the f (E) series expansion. When VT-relaxation 
is the dominating process, the kinetic equation for vibrational distribution 
based on Equations 5.1.1, 5.1.3, and 5.1.6 can be presented as 


fE ə af (E) 
3 S {Dv re) | 22 $ o|} (5.1.7) 


At steady-state conditions (0/dt = 0), after integration, Equation 5.1.7 gives 
of (E)/dE + 1/Tof (E) = const(E). Taking into account the boundary condi- 
tions at E— oo: df(E)/dE = 0, f (ŒE) = 0, yields const(E) = 0. As a result, 
the solution of Equation 5.1.17, corresponds to the steady-state domination 
of the VT-relaxation, leads to the quasi-equilibrium exponential Boltzmann 
distribution with temperature To : f (Œ) x exp(—E/To). 


5.1.3 The Energy-Space Diffusion—Related VV-flux of Excited Molecules 


The VV-exchange in contrast to VT-relaxation involves two vibrationally 
excited molecules. Therefore VV-flux is nonlinear with respect to the 
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vibrational distribution function (Demura et al., 1984): 


jvv = konoho | lo Qe ee fE +t ho) f(E) -RE eT FE) FE! + ho) | dE’. 


0 
(5.1.8) 


The VV-exchange probabilities Q in this integral correspond to those 
presented in Equation 3.5.5, kp is the rate coefficient of neutral—neutral gas- 
kinetic collisions. Taking into account the defect of vibrational energy in 
the VV-exchange process 2xe(E’ — E) (Xe is the coefficient of anharmonic- 
ity), the probabilities Q are related to each other by the detailed equilibrium 
relation: 


E’+ho,E’ EE +ho o 2xe(E’ — E) 
QE E+ho = QEiho E €P -25 . (5.1.9) 


The Treanor distribution function (Equation 4.1.45), derived in Section 
4.1.10 as the nonequilibrium statistical distribution makes the VV-flux (Equa- 
tion 5.1.8) equal to zero. The Treanor distribution function (Equation 4.1.45) 
is a steady-state solution of the Fokker—Planck kinetic equation 5.1.1, if VV- 
exchange is the dominating process and the vibrational temperature Ty 
exceeds the translational temperature Tp. Replacing vibrational quantum 
numbers by vibrational energy, rewrite the Treanor distribution function as 


E E? 1 Inf (Œ 
f(E) = Bex pete | e a (5.1.10) 
T, Toho 


Ty dE 

The exponentially parabolic Treanor distribution describes significant over- 
population of the highly vibrationally excited states and is illustrated in 
Figure 4.3 in comparison with the Boltzmann distribution. The physical nature 
of the Treanor distribution, related to the predominant quantum transfer from 
vibrationally poor to vibrationally rich molecules (effect of the “capitalism in 
molecular life”), was discussed in the Section 4.1.10 and illustrated in Fig- 
ure 4.4. To analyze the complicated VV-flux along the vibrational energy 
spectrum, it is convenient to divide the total VV-flux and, hence, the total inte- 
gral (Equation 5.1.18) into two parts, corresponding to linear j and nonlinear 
j® flux-components: 


iw) =j E) +R E). (5.1.11) 


The linear flux-component jE) corresponds to the nonresonant VV- 
exchange collisions of a highly vibrationally excited molecule of energy 
E with the bulk of low vibrational energy molecules, which is related in 
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Equation 5.1.8 to the integration domain 0 < E’ < Ty. The nonlinear flux- 
component IR} corresponds to the resonant VV-exchange collisions of 
two highly vibrationally excited molecules. Vibrational energies of the two 
molecules are mostly in the interval confined by the adiabatic parameter 
dvv (Equation 3.5.6): |E — F | < Seay and the integral Equation 5.1.8 domain 
Ty < E <o. 


5.1.4 Linear VV-Flux along the Vibrational Energy Spectrum 


The linear flux-component ee (E) corresponds to the nonresonant 
VV-exchange with the bulk of low vibrational energy molecules with 
0 < E’ < Ty. The distribution function for low vibrational energy is f (E^) ~ 
1/Ty exp(—E’/Ty), f(E+ how) =f(E) + hwaf(E)/dE, and exp(—hw/Ty + 
2XeE/To) © 1 — hw/Ty + 2xeE/To. Then, Equation 5.1.8 yields the linear com- 
ponent of the VV-flux along the vibrational energy spectrum: 


) af (E) G r) 
Iv = Dw f| ap T, Toho f® l|. (5.1.12) 


Similar to Equation 5.1.3, the diffusion coefficient Dyv in the vibrational 
energy space, related to the nonresonant VV-exchange of a molecule of energy 
E with the bulk of low energy molecules is 


Dyy(E) = kyv(E)no(ho)?. (5.1.13) 


The relevant VV-exchange rate coefficient can be expressed based on 
Equation 5.1.5 as kyy(E) ~ ETy/ (hw) QM ko exp(—8yvE), where ko is the rate 
coefficient of neutral-neutral gas-kinetic collisions, and the adiabatic param- 
eter Syy (Equation 3.5.6) is recalculated with respect to the vibrational energy 
rather than the vibrational quantum number. The definition of the linear VV- 
diffusion coefficient along the energy spectrum (Equation 5.1.13) corresponds 
to the diffusion coefficient in the coordinate space (Equation 4.3.31). The mean 
free path > in this case is again the vibrational quantum hw, and collisional 
frequency v is the nonresonant quantum exchange frequency kyy(E)no. The 
solution of the linear kinetic equation jO: (E) = 0 (with flux equation 5.1.12 
leads to the Treanor distribution function (Equation 5.1.10). 


5.1.5 Nonlinear VV-Flux along the Vibrational Energy Spectrum 


The nonlinear flux-component i (E) is related to the resonant VV-exchange 
|E — F'| = Buus It is convenient for the domain Ty < E’ < œœ to rewrite the 
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integral equation 5.1.8 in the integral-differential form: 


: E+hw f E’+ho 
ivy = kono Qo | Ga EXP (—Bw |E" — El) 
Ty 


af (E SFE]  2xe(E' =E 

x fro [re ZS O i | pa É FOE] hoo dE’. 
0 

(5.1.14) 


When the contribution of the quasi-resonance VV-exchange processes 
is dominant, the under-integral function has a sharp maximum at E = 
F'. In this case, assume f(E) ~f(E’) and dlnf(E’)/dE’ — a Inf (E)/dE ~% 
a2 Inf (E)/dE*(E’ — E). Integration of Equation 5.1.14 over (E — AGE + ôyy) 
gives the final differential expression of the nonlinear VV-flux along the 
vibrational energy spectrum: 


2x 3? In f(E) 
(1) (1) 
ivy = -Dw 3E alec E? ( To ho— e3 ; (5.1.15) 


The energy-space diffusion coefficient DP, describes the resonance VV- 
exchange: 


D, = 3konoQ vvho). (5.1.16) 


In the same manner as in the case of the linear kinetic equation jO, (E) =0 
with the flux equation 5.1.12, one solution of the nonlinear kinetic equation 
ie (E) = 0 with flux equation 5.1.15 is again the Treanor distribution func- 
tion (Equation 5.1.10). Indeed, the Treanor distribution satisfies the equality: 
2xe/To — hwd* In fŒ) /3E2 = 0. However, the Treanor distribution function is 
not the only solution of the nonlinear kinetic equation iR (E) = 0; the other 
plateau-like distribution will be discussed next. 


5.1.6 Equation for Steady-State Vibrational Distribution Function, 
Controlled by VV- and VT-Relaxation Processes 


The vibrational distribution functions in nonequilibrium plasma are usually 
controlled by VV-exchange and VT-relaxation processes. The vibrational exci- 
tation of molecules by electron impact, chemical reactions, radiation, and 
so on is mainly related to the averaged energy balance and temperatures. 
Equations 5.1.3, 5.1.12, and 5.1.15 for VT- and VV-fluxes permit determining 
the vibrational distribution functions provided by these relaxation pro- 
cesses. At steady-state conditions the general Fokker-Planck kinetic equation 
5.1.1 gives J (E) = const. Taking into account that at E —> oo: əf (E)/dE = 0, 


Kinetics of Excited Particles in Plasma 251 


f(E) = 0, yields const(E) = 0. As a result, the steady-state vibrational distri- 
bution function, provided by VT- and VV-relaxation processes can be found 
from the equation: 


IR® +R E +ivr® = 0. (5.1.17) 


Taking into account the specific relations, Equations 5.1.3, 5.1.12, and 5.1.15, 
for the fluxes, the Fokker—Planck kinetic equation can be written as 


0 2XeE 
Dw (AP +7 fe) - Fe EFE) 


3 2Xe 32 Inf (E) 
+ Diy pore (2 oe a )| 


+ Dvr) (2E ys BoftE)) =o. (5.1.18) 


The first two terms in the kinetic equations 5.1.17 and 5.1.18 are related to 
VV-relaxation and prevail at low vibrational energies, the third term is related 
to VT-relaxation and dominates at higher energies (see Equations 3.5.9 and 
3.5.10). The linear part of Equation 5.1.18, including the first and third terms, 
is easy to solve, but the second nonlinear term makes a solution much more 
complicated. It is helpful to point out three cases of strong, intermediate, and 
weak excitation, corresponding to different contribution of the nonlinear term 
(which is the most important at higher excitation levels). Distinction between 
the three regimes is determined by two dimensionless parameters: vv Ty and 
XeT?/hw Ty. 


5.1.7 Vibrational Distribution Functions: The Strong Excitation Regime 


The regime of strong excitation takes place in plasma at high vibrational 
temperature: 


SyvTy > 1. (5.1.19) 


The adiabatic parameter yy was discussed in Section 3.5.2. Its typical value 
at room temperature is dyy % (0.2-0.5)/hw (in this chapter, 5 is expressed 
with respect to vibrational energy, not quantum number). This means that 
the strong excitation regime requires high vibrational temperatures exceed- 
ing 5000-10,000 K. When vibrational temperatures are so high, the resonant 
VV-exchange between highly excited molecules (the nonlinear VV-flux) dom- 
inates over the nonresonant VV-exchange of the excited molecules with the 
bulk of low excited molecules (the linear VV-flux). The kinetic equation 5.1.18 
at moderate vibrational energies (e.g., when the VT-flux can still be neglected) 
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can be simplified to 


2 
E?f2(E) (7: We ae) =F. (5.1.20) 


Here F is the constant proportional to the quantum flux from low levels 
(where they appear due to excitation by electron impact) to high levels (where 
they disappear in VT-relaxation and chemical reactions). More detailed solu- 
tion of Equation 5.1.20 can be found in Likalter and Naidis (1981) and 
Rusanov and Fridman (1984). However, the following simple analysis of 
Equation 5.1.20 permits the solution. At low vibrational energies, when the 
product Ef (E) is large, 2xe/To — hw(d? In f(E)/ dE*) ~ 0 and the vibrational 
distribution function is close to the Treanor distribution. For larger energies, 
Ef (E) becomes smaller and 2xe/To — ho(d? Inf (E)/dE*) = F/E*f(E) grows 
and cannot be taken as zero as was previously assumed. As a result, the 
vibrational distribution deviates from the Treanor distribution becoming flat- 
ter, the derivative 37 Inf (E)/dE* decreases and finally leads to the so-called 


hyperbolic plateau-distribution: 
2Xe F C 
2 = ———, f(E)=. 5.1.21 


The “plateau level” C can be found from the power Pey of vibrational 
excitation in plasma, calculated per molecule: 


C(Pey) = 1 /PevTovvho)? (6.1.22) 
V T ho 4xekonoQ — = 


The vibrational distribution in the strong excitation regime first follows the 
Treanor function at relatively low energies: 


| To 

E < Er — ha,| ——. 1.2 
< Er w PET (5.1.23) 
Tr 


Here Er = hwv,,,, is the Treanor minimum energy, corresponding to the 
minimum of the Treanor distribution function (see Equation 4.1.47). As 
the vibrational energies exceed the Treanor minimum point (E > Er), the 
distribution function becomes the hyperbolic plateau: 


(5.1.24) 


{O= pen aS ( Toho J 


4xeT2 2 


where B is the Treanor normalization factor. Transition from the plateau 
(Equation 5.1.24) to the rapidly decreasing Boltzmann distribution with 
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FIGURE 5.2 
Vibrational energy distribution function due to VV-exchange, strong, and intermediate excitation 


regimes. 


temperature To takes place at higher energies exceeding the critical one: 


E(plateau — VT) = 


1 koa Er Toħo 1 
In 
T kyvt(E = 0) ho AxT2 2 


l . (51.25) 


This plateau-Boltzmann transitional energy corresponds to the equal- 
ity of probabilities of the vibrational VT-relaxation and the resonance 
VV-exchange. The typical behavior of the vibrational distribution in the 
regime of strong excitation in nonthermal molecular plasma is illustrated in 
Figure 5.2. 


5.1.8 Vibrational Distribution Functions: The Intermediate 
Excitation Regime 


The vibrational distribution in this regime is similar to that presented in 
Figure 5.2. It also includes the Treanor function (Equation 5.1.10) at E < Er, 
the hyperbolic plateau (Equations 5.1.21 and 5.1.24) at the energies exceed- 
ing the Treanor minimum (E > Ery), and the sharp plateau-Boltzmann fall at 
higher energies (Equation 5.1.25). The intermediate excitation regime takes 
place when the vibrational temperature is sufficiently high to satisfy the 
inequality (Equation 5.1.19) (it is less than the so-called VV-exchange radius: 
Ty < Sau, which is about 5000-10,000 K), but sufficiently high to provide the 
conditions for the Treanor effect: 


oie 
>1. 5.1.26 
Tohw ` ( ) 
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Under such conditions, the population of the vibrationally excited states 
at the Treanor minimum E = Er is quite high (Equation 4.1.48), the nonlin- 
ear resonance vyeo kange dominates and provides the plateau at E > Et, 
even though Ty < 8), y At low levels of vibrational energy E < Er, the linear 
nonresonant VV-exchange dominates over the nonlinear one. However, the 
point is that the vibrational distribution function does not change because 
both components of VV-exchange, the nonresonant (Equation 5.1.12) and res- 
onant (Equation 5.1.15), result in the same Treanor distribution at E < Er. 
The strong and intermediate excitation regimes for two different reasons and 
at two different conditions leads to the same vibrational distribution function 
illustrated in Figure 5.2. 


5.1.9 Vibrational Distribution Functions: The Regime of Weak Excitation 


This regime takes place in nonthermal plasma when vibrational temperature 
is not very high: 

Keke 
Toho 


ere <1. (5.1.27) 


The nonlinear term in Equation 5.1.18 can be neglected and the Fokker- 
Planck equation simplified: 


to) 2xeE 


~ Toh 


FE) 4) rE (= = sfo) = 0. (5.1.28) 


Here &(E) is the ratio of the rate coefficients of VT-relaxation and nonreso- 
nant VV-exchange, determined by the exponential relation (Equation 3.5.9). 
The solution of the Equation 5.1.28 gives after integration: 


E  xeE2 By -1/Ty 
ESB 
J apl T Ohe I 


In + sæ». (5.1.29) 


This continuous vibrational distribution function f (E) for the weak exci- 
tation regime was derived by Rusanov et al. (1979) and corresponds to the 
discrete distribution f (v) over the vibrational quantum numbers: 


1 + §; exp hw/To 


fo) -ro T] ice 


(5.1.30) 


This is usually referred to as the Gordiets vibrational distribution (Gordiets 
et al., 1972). In this relation, fr, (v) is the discrete form of the Treanor distribu- 
tion. From Equations 5.1.29 and 5.1.30, at low vibrational energies (E < E*(T9), 
Equation 3.5.10): €(E) <1 and the vibrational distribution is close to the 
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FIGURE 5.3 
Nonequilibrium vibrational distributions in nitrogen. Ty = 3000 K. 


Treanor distribution. Conversely at high energies E < E* (To): &(E) >> 1 and 
the vibrational distribution is exponentially decreasing according to the Boltz- 
mann law with temperature To. The vibrational distribution in nitrogen at 
Ty = 3000 K and different translational temperatures is shown in Figure 5.3. 
Comparison of different types of the vibrational distribution functions at the 
same conditions is presented in Figure 5.4 (in both figures, the dashed lines 
stand for &(E) = 1) Obviously, this figure demonstrates the significant differ- 
ence between the Treanor and Boltzmann vibrational distribution functions. 
Also Figure 5.4 illustrates two less trivial effects: 


i. The Bray distribution (Bray, 1968), only taking into account VT- 
relaxation when &(E) > 1, overestimates the actual f(E) 


f(E)IB 


10-4 Treanor 


Boltzmann ‘Actual 


FIGURE 5.4 
Different models of vibrational distribution in nitrogen. Ty = 3000 K, To = 800 K. 
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ii. The completely classical (Bo =o) Bray distribution (Bray, 1972) 
conversely underestimates the actual distribution function f (E) 


Equation 5.1.29 permits stressing the following qualitative features of the 
vibrational distribution function f(E), controlled by the VV- and VT-relaxation 
processes in the regime of weak excitation: 


1. The logarithm of the vibrational distribution function Inf (E) always 
has an inflection point (37 Inf(E)/dE* = 0), corresponding to the 
vibrational energy: 


1 syv I 
Eine) = E* (To) eee 


< E*(To). (5.1.31) 
23vv Xe 


Here E* (To) is the critical vibrational energy when the resonant VV- 
and VT-relaxation rate coefficients are equal. Obviously, because 
Ein) < E* (To), the VV-exchange is still faster than VT-relaxation at 
the inflection point: 


Xe 


E; = —_ 
EC inf1) cath 


<1. (5.1.32) 
In particular, for nitrogen at To = 1000K : §(Einf1) © 0.1. It should 
be noted that the inflection point on the function In f (E) exists even if 


the function is continuously decreasing with vibrational energy (see 
Figure 5.3). 


2. Sometimes the vibrational distribution function includes the domain 
of inverse population (a Inf (E)/dE > 0), see Figure 5.3. The exis- 
tence criterion of the inverse population can be presented as the 
requirement of a positive logarithmic derivative at the inflection 
point: 


28vy(E* (To) — Er) > In ity’ (5.1.33) 


3. If the inequality (Equation 5.1.33) is valid and the function f (E) has 
the domain of inverse population, then the vibrational distribution 
function has a maximum point Emax, which can be found from the 
following equation: 


(Emax — Err) = § (Emax). (5.1.34) 
0 


As can be seen from Equation 5.1.34, the parameter (Emax) is usually 
small numerically (§(Emax) < 1). This means that Emax < E* (To). The qual- 
itative characteristics of the vibrational distribution f (E), the inflection and 
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maximum energies, Eing and Emax, are both related to the influence of the 
VT-relaxation, and both are less than E*(T). This leads to the conclusion 
that VT-relaxation already has a significant effect on the vibrational distri- 
bution function f (E) when the VT-relaxation rate is slower with respect to 
VV-exchange (§ < 1). This effect is well illustrated in Figures 5.3 and 5.4. 


ĀE: See 


5.2 Nonequilibrium Vibrational Kinetics: eV-Processes, 
Polyatomic Molecules, Non-Steady-State Regimes 


5.2.1 eV-Flux along the Vibrational Energy Spectrum 


Vibrational excitation of molecules by electron impact (eV-relaxation process) 
was indirectly discussed in Section 5.1. There the assumed effective excitation 
of only the low vibrational levels that determined vibrational temperature 
Ty of the plasma was assumed. Evolution of the vibrational distribution 
function f(E) in this approach was controlled by VV- and VT-relaxations 
and described by Fokker—Planck kinetic equation with vibrational temper- 
ature Ty as a parameter. Such an approach of the indirect influence of the 
electron gas on f(E) is relevant when VV-exchange is much faster than the 
vibrational excitation (eV-processes), which then can be considered only as 
boundary conditions. However, at high degrees of ionization, the frequency 
of eV-processes becomes comparable with that of VV-exchange, and the eV- 
flux along the vibrational energy spectrum must be taken into account. The 
eV-flux in energy space describes the direct influence of energy exchange 
of excited molecules with the electron gas on the vibrational distribution 
f(E). In contrast to VV-relaxation and VT-exchange, the eV-relaxation can 
be effective not only as a one-quantum, but also as multiquantum pro- 
cess. The probability of the multiquantum eV-processes, described by the 
Fridman’s approximation (Equation 3.3.4) can be large. The eV-flux along 
the vibrational energy spectrum can be subdivided into two terms, corre- 
sponding to two mentioned types of eV-relaxation processes (Macheret et al., 
1979): 


jev® =j +j. (5.2.1) 


The linear eV-flux j® describes the eV-processes with transfer of one or a 
few quanta. This flux in the energy space can be expressed similarly to the 
linear VV- and VT-fluxes in the Fokker-Planck form: 


iv) = Dev (4 she afte). (5.2.2) 
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Here Dey is the one-quantum, vibrational excitation diffusion coefficient in 
energy space: 


2 
Dev = Myne(hia)*, aL (5.2.3) 


a3” 

The one-quantum excitation rate coefficient ko, = key (0, 1) and parameter a 

correspond to the Fridman’s approximation (Equation 3.3.4), numerically a ~ 

0.5-0.7. The factor ^ accounts for the transfer of a few quanta and numerically 

in nitrogen à ~ 10. The eV-flux-component is (E) in Equation 5.2.1 is related 

to the multiquantum excitation of molecules from low levels to energy E and 
can be expressed as 


oO 
; E' E' E' 
in (E) = — | kone f (0) exp ( a) I ae exp a dE’. (5.2.4) 
E 
This integral flux is actually a source (either positive or negative) of vibra- 
tionally excited molecules. The multiquantum excitation flux (Equation 5.2.4) 
as well as the one-quantum excitation flux becomes equal to zero, when 
the vibrational distribution f (E) is the Boltzmann function with temperature 
Te: f (E) x exp(—E/T.). When the eV-de-excitation processes (super-elastic 
collisions) can be neglected, the integral expression for the multiquantum 
excitation eV-flux can be simplified. Such simplification can be done if 
f(E) « f (0) exp(—E/Te). Then, after integration the simplified expression for 
the eV-flux-component can be written as 


i a? Ea 
iv) = =D se O exp (-=) i (5.2.5) 


Comparing the eV-flux-components (Equations 5.2.2, 5.2.4, and 5.2.5) illus- 


trates that the one-quantum eV-processes (Equation 5.2.2) dominate Gy > 


pe ), if the vibrational distribution function f (E) decreases with energy slower 
than exp(—aE/hw). Conversely, in the typical case of Ty < hw/a, the multi- 
quantum processes dominate the eV-relaxation at least at low vibrational 


energies. 


5.2.2 Influence of eV-Relaxation on Vibrational Distribution at High 
Degrees of lonization 


In this case, the criteria of high electron density and high degree of ioniza- 
tion means the domination of the vibrational excitation frequency over the 
frequency of VV-exchange even at low vibrational levels: 


£ > E, = Oka: (5.2.6) 
0 
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FIGURE 5.5 
Vibrational distribution in N2:Ar = 1:100 mixture. Te = 1 eV, To = 750 K, ionization degree 1076. 


Numerically, this requires a fairly high degree of ionization in nonther- 
mal plasma, typically exceeding 1074-1073. Here, most of the vibrationally 
excited molecules are in quasi-equilibrium with the electron gas, which can 
be characterized by the electron temperature Te. The vibrational distribution 
function f (E) is close to the Boltzmann function with temperature Te for a 
wide range of vibrational energies from the lowest to a high critical one: 


keye 


— In ————_.. 5.2.7 
yr kv (0) no ( ) 


EvyT-ey © 


At this critical energy, the VT-relaxation rate matches the rate of the 
eV-processes, and the vibrational distribution function falls exponentially 
according to Boltzmann distribution with temperature To. The vibrational 
distribution controlled by eV- and VT-relaxation processes at high degrees of 
ionization is shown in Figure 5.5. This figure presents the results of numer- 
ical calculations of Sergeev and Slovetsky (1979). The f (E) behavior around 
the transition energy (Equation 5.2.7) is not trivial and includes the “micro- 
plateau,” which can be seen in Figure 5.5. One can find the relevant analysis 
and explanation of the phenomenon as well as other details of eV-processes 
in vibrational kinetics in Demura et al. (1984). 


5.2.3 Influence of eV-Relaxation on Vibrational Distribution 
at Intermediate Degrees of lonization 


If in contrast to Equation 5.2.6 ne/no « Ry /k®,, and the vibrational excitation 
by electron impact is much slower than VV-exchange, obviously, the direct 
influence of eV-processes on f (E) can be neglected. The case of intermediate 
ionization degree implies ne/no ~ k?y /k?,. This means, that at low levels of 
vibrational excitation, VV-relaxation is still sufficiently strong to build the 
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Treanor distribution, but at higher energies, eV-processes dominate creating 
the Boltzmann distribution with temperature Te. Obviously, at higher values 
of vibrational energy, VT-relaxation prevails (see Equation 5.2.7) leading to 
the Boltzmann distribution with temperature To. The direct influence of eV- 
processes on distribution function f(E) is not possible when VV processes 
are dominated by the resonance exchange (strong excitation regime). This 
can easily be illustrated in the case of multiquantum eV-relaxation, when the 


kinetic equation: icy + jį = = 0, after integration can be written as 


2x a7 Inf af (0) —aE 
(1) 
Bie: a To m dE? )- ad 2 i op ( ha )| 


af (0) 
a 


x —Dev (5.2.8) 

Equation 5.2.8 is identical to Equation 5.1.20, because exp (—aE 7 ho) <1. 
As the result, the solution of Equation 5.2.8 is the hyperbolic plateau (Equation 
5.1.21), which includes only indirect information on eV-processes. Thus, the 
direct influence of eV-processes on f (E) at intermediate degrees of ionization 
takes place only in the regime of weak excitation. The vibrational distribution 
in this case is controlled by eV- and nonresonant VV-relaxation at relatively 
low energies and can be found from the equation: 


Dyv (E) (=+ +f =f) EPR (2 i r) 


+ Dev 50) exp (-=) = 0. (5.2.9) 


Solution of this equation can be presented in the following integral form: 


E’ 
E of (O)mev(E") exp (-=) 
2hag(ENA + nev E) 


fŒ) = Œ) | 1 (5.2.10) 


In this expression, the factor ney (E) = Dev (E)/Dvv (E) is proportional to the 
degree of ionization in the plasma and shows the relation between eV- and 
nonresonant VV-processes. The special function ¢(E) is given by the following 
integral, which is similar to that corresponding to the weak excitation regime 
controlled by VV- and VT-relaxation (see Equations 5.1.28 and 5.1.29): 


1 2xE 1 
1 [ Ty Too * TYE) 
(E) = — ex | 7 e dE’ |. 5.2.11 
mas 1+ nev(E’) Cary 
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Influence of eV-processes on vibrational distribution at intermediate ionization degrees. 


If the vibrational temperature is sufficiently high Ty > hw/a (this assump- 
tion does not change qualitative conclusions), then the integral in the 
expression in Equation 5.2.10 is small and the vibrational distribution func- 
tion f (E) ~ (E) can be found from Equation 5.2.11. Equation 5.2.11 permits 
analyzing the vibrational distribution function f (E) ~ ọ(E) in the case of inter- 
mediate degrees of ionization. At low vibrational energies, when nev(E) < 1, 
the vibrational distribution is close to the Treanor function. The factor ney (E) 
grows with energy, and at some point, the function f (E) ~ ọ(E) becomes the 
Boltzmann distribution with temperature Te. A detailed discussion of this f (E) 
behavior can be found in Rusanov and Fridman (1984). The relevant graphic 
illustration is presented in Figure 5.6. 

Transition from the Treanor to Boltzmann distribution with high electron 
temperature Te can be interpreted also as a transition to the plateau (see 
Figure 5.6). Remember, however, that this plateau has nothing in common 
with the hyperbolic plateau related to the resonance VV-exchange. 


5.2.4 Diffusion in Energy Space and Relaxation Fluxes of Polyatomic 
Molecules in Quasi-Continuum 


If polyatomic molecules are not strongly excited, their vibrational levels can be 
also considered discrete rather than continuous (see Section 3.2.3). Vibrational 
kinetics of polyatomic molecules in this case is quite similar to that of diatomic 
molecules (Likalter 1975a,b, 1976). An interesting example of such discrete 
vibrational distribution functions is presented in Figure 5.7, where even the 
Treanor effect can be seen. The specific features of polyatomic molecules man- 
ifest themselves at higher excitation levels, when the interaction between 
vibrational modes is strong and the molecules are in the state of vibrational 
quasi-continuum (Section 3.2.4). VI- and VV- relaxation processes for poly- 
atomic molecules in quasi-continuum were discussed in Sections 3.4.6 and 
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FIGURE 5.7 
Vibrational distribution of CO2 in symmetric valence and deformation modes. A: Ty; = 780 + 40 
K, Ty, = 150 + 15 K; B: Ty2 = 550 + 40 K, T,2 = 110+ 10 K. 


3.5.4. Fluxes related to the intermode energy exchange do not appear directly 
in the Fokker—Planck equation, because they are very fast and compensate 
each other. The distribution function f(E) of the polyatomic molecules in 
quasi-continuum over the total vibrational energy E can be then found from 
the kinetic equation: 


of (E) ð (.poly | poly) _ 
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The VT-relaxation flux in energy space can be expressed for polyatomic 
molecules similarly to Equations 5.1.3 and 5.1.4 as (Rusanov et al., 1985) 


N 

„poly AS i 0 f(E) 1 f(E) 
ee 2 Pyre E (E) +r | (5.2.13) 
The main peculiarity of this relation with respect to the similar one for 
diatomic molecules (Equation 5.1.3) is the presence of the statistic factor 
p(E) x E51, showing the density of vibrational states and taking into account 
the effective number s of vibrational degrees of freedom. Bo © 1/To, which 
reflects the relative smallness of vibrational quantum in quasi-continuum 
with respect to temperature. The summation is taken over all N vibrational 
modes and the diffusion coefficient in energy space, Di,, is related to each of 


Wan, 


the modes “7”: 
Di (E) = (Ep) kono. (5.2.14) 


Here kp is the rate coefficient of gas-kinetic collisions, nọ gas density, 
and the averaged square of VT-energy transfer from a mode in quasi- 
continuum, ((E\,;)?) is determined by Equation 4.3.30. It must be emphasized 
that the flux equation 5.2.13 is equal to zero for the Boltzmann distribu- 
tion function with the statistical weight factor: f (E) x p(E) exp(—E/To). To 


introduce the VV-flux py in Equation 5.1.12 for polyatomic molecules 
in quasi-continuum, note at first that this flux in contrast to diatomic 
molecules (Equation 5.1.11) has only the linear component joe This flux 
corresponds to the VV-exchange between excited molecules of high vibra- 
tional energy E with low excited molecules of the “thermal reservoir.” 
The nonlinear VV-flux component jR can be neglected because of the 
resonant nature of the VV-exchange of polyatomic molecules in quasi- 
continuum (Equation 3.5.20), even if they have different vibrational ener- 
gies. Then the VV-flux for the polyatomic molecules in quasi-continuum 
can be presented in the following linear differential form (Rusanov et al., 
1986): 


N 
.poly ae i ð £) 1 (Œ) 
a 2 Diy BoE) E (oP Toe 


f(E) By ses wot 
(4B) sT ohio; 2 + 8i)8i a ; (5.2.15) 


Here, Tyi and fw,; are vibrational temperatures and the first quantum for 
different modes; s is a number of effective vibrational degrees of freedom; 
8 is the Kronecker delta symbol; xj are the anharmonicity coefficients 
(Equation 3.2.17); gi is the degree of degeneracy of a vibrational mode. Here, 
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the diffusion coefficient in energy space Di, is related to the VV-exchange 
between excited molecules with molecules of the thermal reservoir with 
temperature Ty: 


vr(E) = ((Elyy)")kono, (5.2.16) 


where the averaged square of VV-energy transfer ((Ei,,)) is determined by 
Equation 3.5.20. The most intriguing part of the VV-flux (Equation 5.2.15) 
is the third term leading to the Treanor effect. This term arose from the 
balance of direct and reverse VV-exchange processes (Equation 3.5.25). The 
Treanor effect is still valid for polyatomic molecules though vibrations are in 
quasi-continuum. 


5.2.5 Vibrational Distribution Functions of Polyatomic Molecules in 
Nonequilibrium Plasma 


The kinetic equation 5.2.12, or in particular the steady-state equation pe + 


JEY = 0, can be solved with Equations 5.2.13 and 5.2.15 for VV- and VT- 
fluxes to find the vibrational distribution function f(E). First analyze the 
steady-state case controlled only by the VV-exchange (poy = 0). Assuming 
single mode primarily determining f (E) in quasi-continuum, integration of 
Equation 5.2.15 gives 


N 
fE) E E? Xaj 
—— = Bex + ` 1+ bape; |. 5.2.17 
o(E) P Tya  28To = ig aj)8j ( ) 


This is a generalization of the Treanor distribution (Equation 5.1.10) for 
polyatomic molecules in quasi-continuum. Parameter B is the normalization 
factor. Statistical weight factor p(E) « ES—! characterizes the density of the 
vibrational states; and also effective coefficient of anharmonicity: 


N 
1 Xaj 
2s A hor; 


Xm (1 + bagi. (5.2.18) 


These effective anharmonicity coefficients for polyatomic molecules are 
usually less than those for diatomic molecules. This makes the Treanor effect 
weaker for polyatomic molecules: the more the vibrational degrees of free- 
dom, the weaker is the Treanor effect. Taking the VT-flux given by Equation 
5.2.13 into consideration leads to the following integral form of the vibrational 
distribution function: 


E 
FE) = Bo(E) exp | TVa 


iC 


1 _ 2xmE" | &E) 


Tohwoa To / 
dE’ |. 5.2.19 
1+ &(E’) ( ) 
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Here E. designates the energy at which a polyatomic molecule enters the 
quasi-continuum. Somewhat similar to Equation 5.1.28, the factor (E) = 
2- Dyr/DẸv characterizes the ratio of VT- and VV-relaxation rates for poly- 

1 


atomic molecules in quasi-continuum. The factor &(E)was analyzed in Section 
3.5.4 (see relation (Equation 3.5.21)), where it was shown, that &(E) is much 
larger for polyatomic molecules than for diatomic ones. This results in 
important peculiarity of the vibrational distribution of polyatomic molecules. 
Although the Treanor function can be observed in quasi-continuum, transi- 
tion to Boltzmann distribution with translational temperature To takes place 
at lower levels of vibrational excitation. 


5.2.6 Non-Steady-State Vibrational Distribution Functions 


Analytical solutions of the non-steady-state kinetic equation is known only 
for a few specific problems (see Macheret et al., 1979; Zhdanok et al., 1979). 
As an example consider the nonsteady VV-exchange with a variable diffu- 
sion coefficient in energy space: Dyy (E) = D®% exp(—8yvE). Neglecting the 
Treanor term in the Fokker-Planck equation gives 


Ff po exp(—dvvE) (z 


1 
a + zt) (5.2.20) 


This partial differential equation can be reduced to an ordinary differential 
equation by introduction of the following new variable: 


Z(E, t) = D £82.) exp(—8yvE). (5.2.21) 


Z(E,t) = 1 describes the propagation of the front of the Boltzmann dis- 
tribution function. In terms of this new variable Z(E, t) the non-steady-state 
kinetic equation 5.2.20 can be rewritten as a second-order ordinary differential 
equation for the distribution function f (Z): 


1 1 
ZF! se bale (2 Z Z)=0. 5.2.22 
E +f] ( a) | wT, | ) ( 


For Z(E, t) « 1 corresponding to low time intervals from the starting point 
of VV-exchange and to high vibrational energies, the asymptotic solution for 
the non-steady-state vibrational distribution is 


1 1 
f(E,Z) x exp (-z = E) ; (5.2.23) 

Equation 5.2.23 can be applied for estimations of the evolution of the 
Boltzmann function during the VV-exchange also for not very low values of 
Z(E, t) < 1. The non-steady-state distribution (Equation 5.2.23) is illustrated 
in Figure 5.8. 
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FIGURE 5.8 
Illustration of time evolution of a vibrational distribution function. 


5.3 Macrokinetics of Chemical Reactions and Relaxation 
of Vibrationally Excited Molecules 


5.3.1 Chemical Reaction Influence on the Vibrational Distribution 
Function: The Weak Excitation Regime 


The macrokinetic rates of reactions of vibrationally excited molecules are self- 
consistent with the influence of the reactions on the vibrational distribution 
functions f (E). This chemical reaction effect on f (E) can be taken into account 
by introducing into the Fokker—Planck kinetic equation 5.1.1 an additional 
flux related to the reaction: 


œœ E 
JRE) =~ | REMS EAE = ~Jo +10 [REEE 631) 
E 0 


Here Jo = —jr (E = 0) is the total flux of the molecules in the chemical reac- 
tion (this means that the total reaction rate wr = noJo); kr (E) is the microscopic 
reaction rate coefficient given by Equation 3.7.1. In the weak excitation regime 
controlled by nonresonant VV- and VT-relaxation processes which is usually 
the case in plasma chemistry; this leads to the equation: cee +jvt + jR =0. 
Taking into account the specific fluxes (Equations 5.1.3, 5.1.12, and 5.3.1) 
results in the kinetic equation: 


La 


1 
E 5.3.2 
-Toh WD) = 5 Dw DnE! ). (5.3.2) 


(1+ §(E)) +f Œ) (7 


The exact solution of this nonuniform linear equation can be found in the 
form of f (E) = C(E) xf OE), where f ()(E) is the solution (Equation 5.1.29) 
of the corresponding uniform equation 5.1.28. In other words, the function 
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f ()(E) makes the left-hand-side of Equation 5.3.2 equal to zero. The function 
C(E) can then be found from the equation: 


dC(E) 


Dyv ®© + &(E)) Ff (E)— = in). (5.3.3) 


After integration of Equation 5.3.3, the vibrational distribution function 
perturbed by plasma chemical reaction can be expressed in the following 
integral equation: 


(5.3.4) 


—jR(E’)dE’ 
Dyy (ENF (E)N + £E) |7 


E 
FE) =f) i | 
0 


The function —jr(E) determines the flux of molecules along the energy 
spectrum, which are going to participate in chemical reaction at E > Ea, Ea 
is the activation energy. At relatively low energies E < Ea, the reaction can 


[0.6] 
be neglected: —jr(E) = f kr(E’)nof (E’) dE’ = Jo = const. At these energies 
E 


(E < Ea), the perturbation of the vibrational distribution f (E) by reaction 
(Equation 5.3.4) is 


E 
fŒ =fVE) i Jo = l l (5.3.5) 


j Dyy (EN fO (ENA + &(E)) 


The total flux Jo, which is taken here as a constant parameter, is related to 
the total reaction rate and will be calculated later on (Equation 5.3.10). 

At high energies (E > Ea), according to Equation 5.3.1, jr(E) ~ 
—kpg(E)no f (E)hw. Then the integral equation 5.3.4 can be converted at E > Ea 
into the following one: 


E 
| IB | - | | f(E) | kr (E^) hw dE’ (5.3.6) 
fOBS J VOE J Dw Ea +E > 


a 


Equation 3.5.6 can be easily solved: 


E 
kg (E) ħo dE’ 
FE) x fO E exp E (5.3.7) 
E 


a 


and determines the decrease of the vibrational distribution function at E > Ea, 
for example, in the domain of fast chemical reactions. The total vibrational 
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FIGURE 5.9 
Reaction influence on vibrational distribution in weak excitation regime. 


distribution function taking into account chemical reactions is the combina- 
tion of Equations 5.3.5 and 5.3.7. Such a function is illustrated in Figure 5.9. 
Significant influence of chemical reaction on vibrational population takes 
place at energies where the reaction is already effective. 


5.3.2 Macrokinetics of Reactions of Vibrationally Excited Molecules: 
The Weak Excitation Regime 


Equations 5.3.4 and 5.3.7 can be applied to calculate rates of the reactions 
of vibrationally excited molecules in the specific limits of slow and fast 
reactions: 


1. The fast reaction limit implies that the chemical reaction is fast for 
E> Ez: 


Dyv(E = Ea) X nokk (E + hw) (hw), (5.3.8) 


and the chemical process in general is limited by the VV-diffusion 
along the vibrational spectrum to the threshold E = Ea. In this case, 
according to Equation 5.3.7, the distribution function f (E) decays very 
fast at E > Ea, and one can take f (E = Ea) = 0 in Equation 5.3.4: 


7 -jr(E') aE’ 


l= ; 
| Dyv (Ef O (ENA + §(E)) 


(5.3.9) 


This equation allows finding the total chemical process rate for the 
fast reaction limit, taking into account that —jr (E) = Jo = const at 
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EEx: 


Ea =1 


dE’ 


5.3.10 
| Dyv (Ef O (ENA + §(E)) f ; 


WR = NoJo = no 


As can be seen from Equation 5.3.10, the chemical reaction rate in 
this case is determined by the frequency of the VV-relaxation and 
by the unperturbed vibrational distribution function f © (E). The rate 
given by Equation 5.3.10 in the fast reaction limit actually is not sensi- 
tive to the detailed characteristics of the elementary chemical reaction 
once it is sufficiently large. Such a situation in practical plasma 
chemistry takes place, for example, in CO2 and H2O monomolecular 
dissociation processes, proceeding as second-order kinetic reactions 
(Fridman and Rusanov, 1994). 


2. The slow reaction limit corresponds to the opposite inequality in 
Equation 5.3.8. In this case, the population of the highly reactive 
states E > E, provided by VV-exchange takes place faster than the 
elementary chemical reaction itself. According to Equations 5.3.4 and 
5.3.7, the vibrational distribution function is almost unperturbed 
by the chemical reaction f (E) ~ f (E), and the total macroscopic 
reaction rate coefficient can be found as 


praco — | REE dE’. (5.3.11) 
0 


The above consideration assumed a high efficiency of vibrational energy 
in the chemical reaction a = 1. This can be generalized by using the micro- 
scopic rate coefficient kg (E) in Equation 3.7.1 with an arbitrary value of a. 
Then integration of Equation 5.3.11 over the distribution function, which is 
mostly controlled by VV-exchange, leads to the following approximation of 
the macroscopic rate coefficient (Givotov et al., 1985): 


E E XeE2 
kr (Ty, To) = K® aig ee 2 era |, (5312 
REE OMe OPS ape) PR OMEN sre le rage pe) 


In this relation KE and K ? are the pre-exponential factors of the reaction 
rate coefficient. According to Equation 5.3.12 if aTy < To the chemical reac- 
tion proceeds by the quasi-equilibrium mechanism related to the translational 
temperature kp « exp(—Ea/To). Conversely, high vibrational temperatures 
(aT, > To) correspond to effective stimulation of chemical processes by 
vibrational excitation, and the macroscopic reaction rate is related to the 
population of vibrational levels with energy exceeding E,/a. Actually the 
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energy threshold E,/a can be interpreted as the effective activation energy 
for reactions stimulated by vibrational excitation. In contrast to the fast 
reaction limit (Equation 5.3.10), in the slow reaction limit (Equation 5.3.12) 
the elementary chemical process is explicitly presented in the rate coeffi- 
cient. Thus, the pre-exponential factors KE and KẸ ) in Equation 5.3.12 for 
chemical reactions proceeding through long-lifetime complexes include the 
factor (Ty/E,)°~!. This factor corresponds, before averaging, to the statis- 
tical theory factor (E — E,/E)*~! in the microscopic reaction rate (Levitsky 
et al., 1983). Similarly, the pre-exponential factors Ke ) and ke ) in Equation 
5.3.12 for electronically nonadiabatic chemical reactions include the relevant 
Landau—Zener transition factors (Landau, 1997). 


5.3.3 Macrokinetics of Reactions of Vibrationally Excited Molecules 
in Regimes of Strong and Intermediate Excitation 


For this case it is logical to assume that the distribution function f (E) is 
controlled at the activation energy (E = Ea) by the resonance VV-exchange 
processes. The chemical reaction influence on the plateau-distribution (ET, < 
E < Ea < E(plateau — VT)) can be described by the Fokker—Planck kinetic 
equation derived from Equations 5.1.1, 5.1.15, and 5.3.1: 


0 2x 
T (oes) = Jp. (5.3.13) 


In the slow reaction limit, this means: 


2 
= SE thola (5.3.14) 
0 


DWERS Er) 

The distribution function is actually not perturbed by the chemical pro- 

cess, and the macroscopic reaction rate can be found by integration (Equation 
5.3.11) as: 


E(plateau — VT) 


ke = kg(E > Ea) Erf (En) In Ea 


(5.3.15) 


In this relation E(plateau — VT) is the transition energy (Equation 5.1.25) 
from the hyperbolic plateau to the Boltzmann distribution with temperature 
To (Equation 5.1.25); kg (E > Ea) is the microscopic reaction rate coefficient 
at vibrational energies exceeding the activation energy; Eq, = hw/2xeTo/Ty 
is the Treanor minimum point. In the fast reaction limit when the inequality 
opposite to Equation 5.3.14 is valid, the vibrational population at high energies 
E > Ea is negligible. Then one can take f (E = Ea) = 0 asa boundary condition 
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FIGURE 5.10 
Reaction influence on vibrational distribution in strong excitation regime. 


for the kinetic equation 5.3.14 to derive the vibrational distribution function 
strongly affected by the chemical reaction: 


Ep J E= Ë 


——. .3.1 
EVE,—En (5.3.16) 


fE) =f Er) 


The perturbation of vibrational distribution functions in the case of strong 
excitation is illustrated in Figure 5.10. The macroscopic rate coefficient can be 
then expressed as 


2xe(ñw)? 
oes To(Ea — En) (vvřw)3 QoikoET S Er). (5.3.17) 


5.3.4 Macrokinetics of Reactions of Vibrationally Excited 
Polyatomic Molecules 


The kinetic equation describing the reaction influence on the vibrational dis- 
tribution function of polyatomic molecules can be derived based on Equations 
5.2.12, 5.2.13, 5.2.15, and 5.3.1 neglecting the anharmonicity as (Potapkin etal., 
1980) 


a (fE E) (1 E ' 
Dw | È (a+ +4 > ( +5 ”\ | = ieee (5.3.18) 


p(E) p(E) Ty To 


The solution f )(E) of the uniform equation, related to the linear nonuni- 
form equation 5.3.18, is the vibrational distribution equation 5.2.19 without 
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anharmonicity. Equation 5.3.4 remains true in this case and permits calculat- 
ing both the distribution function perturbed by the reaction and macroscopic 
reaction rate coefficient. For example, the plasma chemical dissociation of 
polyatomic molecules such as CO2 and H20, effectively stimulated by vibra- 
tionally excitation of the molecules, corresponds to the fast reaction limit. The 
macroscopic dissociation rate coefficients of these processes can be derived 
from Equation 5.3.18, 5.2.19, and 5.3.4 as (Potapkin et al., 1980) 


macro _ Kyy fiw (Ea\* Ea\ & G@4+r=— by +1, Ea/Ty) 
KR =n (7) = ( Tia G—Dir! E/T 


(5.3.19) 


r=0 


In this relation, T (s) is the gamma-function; y(r + 1, Ea/Ty) is the incom- 
plete gamma-function; s is the number of vibrational degrees of freedom; k?,, 
and fiw are the lowest vibrational quantum and the corresponding low energy 
VV-exchange rate coefficient. The sum in Equation 5.3.19 is not a strong func- 
tion of Ea/Ty, and for numerical calculations can be taken approximately 
as 1.1-1.3 if Ea = 3-5eV and Ty = 1000-4000 K. Detailed analysis of chem- 
ical reactions of vibrationally excited polyatomic molecules can be found 
in the review by Rusanov et al. (1986). 


5.3.5 Macrokinetics of Reactions of Two Vibrationally Excited Molecules 


Microkinetics of elementary reactions of two vibrationally excited molecules, 
for example CO* + CO* — CO% + C was considered in Section 3.7.8. Assume 
that the effective reaction takes place when the sum of vibrational energies 
of two partners exceeds the activation energy: E’ + E” > Ea (compare with 
Equation 3.7.34). Then we can find the total reaction rate (wr = noJo) for the 
vibrational distribution function f% (E) (Equation 5.1.29) not perturbed by 
the chemical process: 


Jo= ll fO ENSE") krE', Eno dE’ dE". (5.3.20) 
E'+E">Ea 


If Ea > 2E* (To), the process stimulation by vibrational excitation is inef- 
fective because population of excited states is low due to VT-relaxation, 
here E*(To) is the critical vibrational energy, when rates of VT- and 
VV-relaxation become equal (Equation 3.5.10). If Ea < E* (To), the Treanor 
effect is stronger if all the vibrational energy is located on just one molecule, 
and the reaction of two excited molecules actually uses effectively only one of 
them. Indeed, according to Rusanov et al. (1977), when the total vibrational 
energy is fixed E’ + E” = const, then (E’)? + (E”)* = (E' + E")? — 2E’E” and 
the Treanor effect is the strongest if E” = 0. As a result, the nontrivial kinetic 
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effect can be obtained from Equation 5.3.20, if only E*(Tp) < Ea < 2E*(To). 
The integration 5.3.20 determines the optimal vibrational energies of reaction 
partners Eopt and Ea — Eopt, which make the biggest contribution to the total 
reaction rate: 


To 


1 
E = E* (T l A 
mE C0) 5g RT EA 


(5.3.21) 


The rate coefficient for reaction of two vibrationally excited molecules can be 
then presented as 


E x 2 2 
ke" (Ty, To) & exp | - T + Toro Fort + (Ea — Eopt)") 
Boxe 
— 2E*(To) — Eal. 5.3.22 
str CE To) — Fa] (5.3.22) 


Comparison of relations Equations 5.3.21 and 5.1.31 shows that the optimal 
energy exceeds the inflection energy point off (E): Ein, < Eopt < E* (To). Thus, 
although Ea > E*(To), the VT-relaxation does not significantly slow down the 
chemical reaction of two excited molecules, because Eopt < E*(To). The above 
considered slow reaction limit is most typical for the reactions of two vibra- 
tionally excited molecules. The distribution function is almost not disturbed 
by reaction in this case. Consideration of less typical fast reaction limit and 
influence of reactions of two excited molecules on distribution function can 
be found in Rusanov and Fridman (1984). 


5.3.6 Vibrational Energy Losses due to VT-Relaxation 


Calculate the vibrational relaxation averaged over the vibrational distribution 
f(E). The average vibrational energy is defined as 


ey = | Ef (E) dE. (5.3.23) 
0 


Multiplying Equation 5.1.1 by E and then integrating it results in the balance 
relation: 


[0,0] [0,6] 
S = | iy (BE +: | jor@) dE. (5.3.24) 
0 0 


We have taken into account here the vibrational energy losses related to only 
VT- and VV-relaxation processes. Taking the VV-flux from Equation 5.1.3 and 
the VT-diffusion coefficient in energy space as 


E 
Dyt(E) = kyr(E) n(o)? = kpr (= + 1) exp(8vrE) no(hw), (5.3.25) 
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we can derive based on Equation 5.3.24 the formula for vibrational energy 
losses due to VT-relaxation: 


de, \ "T h Bo- èypE-1 -~ 
(=) = Dyr(0)f (0) — | Dyt(0) É vo) (Bo wn 
0 


x exp(SyrE)f dE. (5.3.26) 


These vibrational energy losses can be subdivided into two classes: the 
first related to the low vibrational levels and prevailing in conditions of 
weak excitation and the second related to the high vibrational levels and 
dominating in conditions of strong excitation. 


5.3.7 VT-Relaxation Losses from Low Vibrational Levels: The Losev Formula 
and the Landau-Teller Relation 


Based on Equation 5.3.26, the VT-losses related to the low vibrational levels 
can be expressed by the Losev formula (Losev et al., 1970): 


1 exp ( 7) ° 
dey\ as ae 
(Gr), = “rr [1 (7) i 


dt 


x (£y — Evo). (5.3.27) 


Here eyo = tv(Ty = To). Neglecting effect of anharmonicity (8vr = 0), the 
Losev formula can be rewritten in the well-known Landau-Teller relation: 


($) - kyr(O)no | 1 ( =) 5.3.28 
a m| exp To Je Evo). (5.3.28) 


Obviously, in equilibrium between vibrational and translational degrees of 
freedom, when Ty = To and, hence: ey = £ọ, the losses of vibrational energy 
become equal to zero. 


5.3.8 VT-Relaxation Losses from High Vibrational Levels 


The contribution of the high levels into the VT-losses of vibrational energy is 
usually related to the highest vibrational levels before the fast fall of the dis- 
tribution function due to the VT-relaxation or chemical reaction. Contribution 
of vibrational levels corresponding to the Boltzmann distribution with tem- 
perature To is small because of exponential decrease of the product kyr (E)f (E) 
with energy (SvrTo « 1). The vibrational population fall at E > Ea in the fast 
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reaction limit leads to even faster decrease of kyr (E)f (E). The VT-losses from 
the high vibrational levels in the fast reaction limit, when the above-mentioned 
fast fall of f (E) is related to chemical reaction, can be calculated from relation 
Equation 5.3.26 as (To « hw, yvtT « 1): 


dey \ 7 CREE oa E bs 
(5), = —Dyr(0)f (0) É vw o wp 


x Dyr(0) exp(8vrEa)f © (Ea) A 
x~ —kyt(Ea) noho f (Ea) A. (5.3.29) 


Here f(E) is the vibrational distribution function not perturbed by chemi- 
cal reaction and the effective integration domain: A = |1/Ty — 8vt — 2xe/Ea 
Tohw|—!. Based on Equations 5.3.10 and 5.3.29 and assuming &(E,) < 1, the 
VT-losses per one act of fast chemical reaction are 


kvt (Ea) 
kyv (Ea) 


€ Z 


A. (5.3.30) 


This relation reflects the fact that the fast reaction and VT-relaxation from 
high levels are related to actually the same excited molecules with energies 
slightly exceeding Ea. Frequencies of the processes are, however, differ- 
ent and proportional respectively to kyy and kyr. Also relation (Equation 
5.3.30) shows, that if §(Ea) « 1, the VT-relaxation from high levels does not 
much affect the energy efficiency of plasma chemical processes stimulated by 
vibrational excitation. Relation (Equation 5.3.30) was derived for the case of 
predominantly nonresonance VV-exchange, if VV-relaxation is mostly res- 
onant, Equation 5.3.30 can be used as the higher limit of the losses. The 
VT-losses from the high vibrational levels in the slow reaction limit, when the 
above-mentioned fast fall of f (E) is related to VT-relaxation reaction should 
be calculated directly from Equation 5.3.26. These losses, specifically in the 
strong excitation regime, can be higher than those considered above (Demura 
et al., 1981). 


5.3.9 Vibrational Energy Losses due to the Nonresonance Nature 
of VV-Exchange 


The VV-losses per one act of chemical reaction can be calculated in framework 
of the model illustrated in Figure 5.11. A diatomic molecule is excited by 
electron impact from the zero-level to the first vibrational level; so a quantum 
comes to the system as hw. Further population of the higher excited vibrational 
levels is due to the one-quantum VV-exchange. Quanta become smaller and 
smaller during the VV-exchange due to anharmonicity (Equation 3.2.5). So 
each step up on the “vibrational ladder” requires the resonance-defect energy 
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FIGURE 5.11 
Vibrational energy loses in nonresonant VV-exchange. 


transfer 2xe/wv from vibrational to translational degrees of freedom. Thus the 
total losses corresponding to excitation of a molecule to the nth vibrational 
level can be found as the following sum: 


v=n—1 
AVY (n= Ñ` 2reħov = xeħo (n — 1) n. (5.3.31) 
v=0 


For dissociation of diatomic molecules, stimulated by vibrational exci- 
tation: n = nmax © 1/2xe. In this case (see Equation 3.2.4) the losses of 
vibrational energy per one act of dissociation, associated with anharmonic- 
ity and nonresonance nature of VV-relaxation, are equal to the dissociation 
energy: 

ho 


AX (n = Nmax) © ae = Do. (5.3.32) 
e 


Taking into account these losses, the total vibrational energy necessary for 
dissociation provided by the VV-exchange is equal to not Do, but 2Do. This 
amazing fact was first mentioned by Sergeev and Slovetsky (1979), and then 
described by Demura et al. (1981). If a reaction stimulated by vibrational 
excitation and has activation energy Ea « Do, the VV-losses are 


1 Ea \? E2 
AEX (Ea) © 7>o(=) =Xer*. (5.3.33) 


Consider, as an example, plasma chemical NO synthesis in air, stimulated 
by vibrational excitation of N2. According to the Zeldovich mechanism, this 
synthesis is limited by the reaction: 


O+N; > NO+N, E,=13eV, Do =10eV. (5.3.34) 


Energy losses (Equation 5.3.33) in this reaction are equal to 0.28 eV per 
NO molecule, which results in 14% decrease of energy efficiency of the total 
plasma chemical process (Macheret et al., 1980a,b). Mentioned below are some 
other related phenomena, which could be significant in special conditions. 
Details on the subject can be found in Rusanov and Fridman (1984). 
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1. The relations (Equations 5.3.31 through 5.3.33) determine the losses 
of vibrational energy in steady-state systems. The non-steady-state 
initial establishment of the vibrational distribution function also 
includes the conversion of the first “big quanta” hw into the smaller 
ones. It leads according to Equation 5.3.31 to the additional VV-energy 
losses of about xeT?2/hw. 


2. Each act of VT-relaxation from the highly excited states with “smaller 
quantum” hw, corresponds to VV-losses of vibrational energy hw — 
has into translational degrees of freedom. Obviously, this effect takes 
place only for population of the highly excited states of diatomic 
molecules due to the one-quantum VV-relaxation. 


3. We implied above the evolution of the vibrational distribution f (E) 
mostly due to one-quantum VV-exchange. However, at vibrational 
quantum numbers about v ~ 5 Umax = 1/4xe, the value of vibrational 
quantum becomes exactly two times less than the initial value, 
hw, which makes the double-quantum exchange possible (though 
still with low probability). Obviously, such a kind of VV-exchange 
decreases the VV-losses of vibrational energy. 


4. At higher ionization degrees, when the evolution of vibrational 
distribution function is provided mostly by direct interaction with 
electron gas (eV-processes), the losses of vibrational energy due to 
VV-exchange become much less significant. 


5.4 Vibrational Kinetics in Gas Mixtures, Isotropic Effect 
in Plasma Chemistry 


Population of vibrationally excited molecular states in gas mixtures are 
provided not only by VV-, VT-, and eV-relaxation, but also by the nonreso- 
nant vibration-vibration VV’-exchange between different components of the 
molecular gas. Even if the difference in oscillation frequencies of two compo- 
nents of the gas mixture are small (e.g., isotopes), the VV’-exchange can result 
in significant differences in the level of their vibrational excitation. Usually a 
gas-component with a low value of vibrational quantum becomes excited to 
the higher vibrational levels (Mamedov, 1979; Rich and Bergman, 1986). 


5.4.1 Kinetic Equation and Vibrational Distribution in Gas Mixture 


Consider the kinetic equation for the vibrational distributions f;(E) of 
double-component mixture: subscripts i = 1, 2 correspond to the 1st (lower 
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oscillation frequency) and 2nd (higher frequency) molecular components: 


Ofi(E ; ; i ' 
Hie +o = [Be +j E +j E) + OO) ; (6.41) 


The VV-, VT-, and eV-fluxes in energy space eo (E), jun (E), ree (E) are sim- 
ilar to those for a one-component gas and can be taken, respectively, for 
example, as Equations 5.1.12, 5.1.3, and 5.2.2. The VV’-relaxation flux provides 
predominant population of a component with lower oscillation frequency 
(i = 1), can be expressed (Macheret et al., 1980a,b) as 


ie Diy (2 A Big 2x0 Boz Ef). (5.4.2) 


In this relation x? and œ; are the BARE coefficient and the oscilla- 
tion frequency for the molecular component “i.” The corresponding diffusion 
coefficient in energy space is 


(i) 
D vv! 7 


= kÊ, mai (hoi). (5.4.3) 
Here ee corresponds to the intercomponent VV’-exchange and is related to 
the rate coefficient KO, of the resonant VV-exchange at the low vibrational 
levels of the component “i” as 


jy =O exp | SO E N, (5.4.4) 
(i) 
2X6 


The concentration n+; in Equation 5.4.3 represents the number density of 
a component “I” of the gas mixture, which interacts with the component “i 
(i, 1 = 1, 2). The reverse temperature factor B; in the flux (Equation 5.4.2) can 
be found from the relation: 


“ i” 


(6) Oj — WO 
Bi = — Bu + ———Bo. (5.4.5) 
1 


The other reverse temperature parameters in Equation 5.4.5 are quite tradi- 
tional: Bo = Tp r Byi = (Ty). A practically interesting case is that of isotope 
mixtures which consists ofa large fraction of a light gas component (higher fre- 
quency of molecular oscillations, concentration nz), and only a small fraction 
of heavy component (lower oscillation frequency, concentration n1). Usually 


n2 ħòyv 
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In this case, the steady-state solution of the Fokker—Planck kinetic equation 
5.4.1 with the relaxation fluxes (Equations 5.1.12, 5.1.3, 5.2.2, and 5.4.2) gives 
the following vibrational distribution functions for two components of a gas 
mixture: 


E Biya — 2x” Bos ris Boy ero + Beni2 
fia(E) = B12 exp | 1+ 2 +12 gi 
3 ; : 


(5.4.7) 


Here By,2 are the normalization factors; reverse electron temperature 
parameter Be = Ty 1. factors £; and n; describe the relative contribution of 
VT- and eV-processes with respect to VV (VV’)-exchange (see Sections 5.1 
and 5.2): 


&;(E) = &;(0) exp(28yvE), ni(E) = ni (0) exp(SvvE). (5.4.8) 


5.4.2 Treanor Isotopic Effect in Vibrational Kinetics 


VT- and eV-relaxation can be neglected (&; « 1, n; « 1) on the low energy 
part of the vibrational distributions f1,2(E). In this case, Equation 5.4.7 gives 
for both gas components (i = 1, 2) the Treanor distributions (Equation 5.1.10) 
with the same translational temperature To, but with different vibrational 
temperatures Ty; and Typ: 


= (5.4.9) 


This relation is known as the Treanor formula for isotopic mixture. The Tre- 
anor formula shows, that under nonequilibrium conditions (Ty1,y2 > To) of 
isotopic mixture, the component with the lower oscillation frequency (heavier 
isotope) has a higher vibrational temperature. In this case, the predominant 
VV-transfer of vibrational energy from the molecules with larger vibrational 
quanta to those with smaller quanta is similar to the main Treanor effect 
(Section 4.1.10) providing overpopulation of highly excited states with lower 
values of vibrational quanta. Experimental illustration of this Treanor effect 
in the isotopic gas mixture of 1?C160 and !2C!80 is presented in Figure 5.12 
(Bergman et al., 1983). The Treanor effect can be applied for isotope separation 
in plasma chemical reactions, stimulated by vibrational excitation. It was first 
suggested by Belenov et al. (1973). The ratio of rate coefficients of chemical 
reactions of two different vibrationally excited isotopes k = k ) Ik is pro- 
portional to the ratio of the population of vibrational levels E > Ea for the two 
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FIGURE 5.12 

Isotopic effect in vibrational population for 12C!80/12C!6O mixture. (Adapted from Gordiets, 
B.F. and S. Zhdanok, 1986. In: M. Capitelli (Ed.). Nonequilibrium Vibrational Kinetics, Topics in 
Current Physics, vol. 39, Springer Verlag, Berlin.) 


isotopes (see Section 5.3). This so-called coefficient of selectivity in both the 
cases of slow and fast reactions can be expressed as 


= fi (Ea) AE1 


Here AE, ~ AE» are the parameters of the fı2(E) exponential decrease at 
E = Ea. Assuming the Treanor functions for distributions f1,2(E) of both gas- 
components, the coefficient of selectivity is 


Ao 1 1 
K © exp | x Ea (7 =) j (5.4.11) 


where the relative defect of resonance Aw/w = w2 — œ1/%2. It is very inter- 
esting that the coefficient of selectivity does not depend on the vibrational 
temperature in the nonequilibrium conditions (Ty > To), but depends only 
on the translational temperature To, the relative defect of resonance Aw/w, 
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FIGURE 5.13 
Isotopic effect for different molecules. Numbers on the curves represent activation energies of 
specific reactions. 


and activation energy E,. Another remark is related to the “direction” of 
the isotopic effect in vibrational kinetics, which is opposite to the con- 
ventional one in the quasi-equilibrium chemical kinetics. The dissociation 
energy (see Equation 3.2.2), and similarly the activation energy are sen- 
sitive to the “zero-vibration level” 1/2hw. Heavy isotopes with the lower 
value of 1/2hw have higher activation (and dissociation) energies and as 
a result their quasi-equilibrium reactions are slower. This is the conven- 
tional isotopic effect. Conversely, in vibrational kinetics heavy isotopes 
react faster due to the Treanor effect. Numerical values of the coefficient 
of selectivity for different plasma chemical processes of isotope separation, 
stimulated by vibrational excitation of the molecules-isotopes, are presented 
in Figure 5.13. The coefficients of selectivity are shown in the figure in a 
convenient form as Equation 5.4.11 of the defect of mass Am/m and the 
process activation energy. The related detailed calculations of the isotope 
separation using the Treanor effect were carried out for nitrogen and car- 
bon monoxide isotopes by Akulintsev, Gorshunov, Neschimenko (1977a,b), 
and for hydrogen isotopes by Margolin et al. (1980) and Eletsky and Zaretsky 
(1981). 
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5.4.3 Influence of VT-Relaxation on Vibrational Kinetics of Mixtures, 
the Reverse Isotopic Effect 


Next take into account the contribution of VT-relaxation in the isotopic effect, 
but still neglect the direct influence of the eV-processes. The direct influence 
of eV-processes in the general expression (Equation 5.4.7) for the distribu- 
tion functions in mixtures at all vibrational energies can be neglected if the 
ionization degree in plasma is relatively low: 


2 
(=) m kyy Okvr (0) (5.4.12) 
2 
no kay 


Here no = nı + n2 © n the total concentration of the gas-isotope, key, kyr (0), 
kyy (0) are respectively, the rate coefficients of eV-relaxation, VT-, and VV’- 
relaxation processes at low vibrational levels. At not very high electron 
concentrations (Equation 5.4.12), the eV-factor y1,2(E) can be neglected and 
the integral (Equation 5.4.7) can be taken: 


1,2 a (1,2) 
xg BoE Bo 


ho,2 23vv 


fi,2(E) = B12 exp ES + Ind + s» ¢ (5.4.13) 


The vibrational distribution functions (Equation 5.4.13) for two isotopes 
are illustrated in Figure 5.14. As can be seen from the figure, the popula- 
tion fı (E) of the same low vibrational levels is higher for the heavier isotope 
(“1,” usually small additive). It obviously corresponds to the Treanor effect 
and Equation 5.4.9. However, the situation becomes completely opposite at 
higher levels of excitation, where the vibrational population of the relatively 
light isotope exceeds the population of the heavier one. This phenomenon is 
known as the reverse isotopic effect in vibrational kinetics (Macheret et al., 
1980a,b). The physical basis of the reverse isotopic effect is quite clear. The 
vibrational distribution function fı (E) for the heavier isotope (small addi- 
tive) is determined by the VV’-exchange, which is slower than VV-exchange 
because of the defect of resonance. As a result, the VT-relaxation makes the 
vibrational distribution fı (E) start falling at lower energies E1 (&1 = 1) with 
respect to the distribution function f2(E) of the main isotope, which is deter- 
mined by VV-exchange and starts falling at the higher vibrational energy 
E2(&2) > E1. From Equation 5.4.13: 


yy 1 n WO hAo a 1 n vy) 
~ Byy kyr) Axe” ° 28yv  kvr@)` 


A (5.4.14) 


Thus, the reverse isotopic effect takes place if E1 < Ea < E2 (see Figure 5.14) 
and the light isotope is excited stronger and reacts faster than the heavier one. 
The coefficient of selectivity for the reverse isotopic effect can be calculated 
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FIGURE 5.14 
Vibrational distribution functions for two isotopes. (1) and (2) Without significant influence of 
eV-processes. Dashed lines represent Boltzmann distribution. 


from Equations 5.4.13 and 5.4.14 (Macheret et al., 1980a,b) and expressed as 
Aw D 
K © exp (27) 2 (5.4.15) 


Here Do is the dissociation energy of the diatomic molecules in the man- 
ner as that for the direct effect (Equation 5.4.11). The selectivity coefficient 
(Equation 5.4.15) for the reverse isotopic effect does not depend directly on 
vibrational temperature. It is even more interesting that although the coeffi- 
cient of selectivity was derived for a chemical reaction with activation energy 
Ea < Do,the activation energy E, isnot explicitly presented in Equation 5.4.15. 
Taking into account Ea < Do, the reverse isotopic effect is much stronger 
than the direct one and can be achieved in a narrow range of translational 
temperatures: 


ATo 2A@ Ea\ ~! 
=2 1 . 5.4.16 
To w ( 5) i ) 


The selectivity coefficient dependence on translational temperature is 
illustrated in Figure 5.15. As one can see from the figure, the direct effect 
takes place at relatively low translational temperatures. By increasing the 
translational temperature one can find the narrow temperature range (Equa- 
tion 5.4.16) of the reverse effect, where the isotopic effect changes “direction” 
and becomes much stronger. 
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FIGURE 5.15 
Isotopic effect dependence on translational temperature To. Temperature To corresponds to the 
maximum value of the inverse isotopic effect coefficient. 


5.4.4 Influence of eV-Relaxation on Vibrational Kinetics of Mixtures and 
the Isotopic Effect 


Consider the vibrational kinetics of the isotopic mixture at high degrees of 
ionization when the inequality opposite to Equation 5.4.12 is valid. Vibrational 
distributions then at not very high energies are controlled by VV- (VV'-) and 
eV-relaxation. The distributions for two isotopes can be found by integrating 
Equation 5.4.7: 


(1,2) 2 
x E =: 
l ho12 Syv 


Indl + na) . (5.4.17) 


The vibrational distributions for the two isotopes are illustrated in Figure 
5.16. At relatively high energies, when eV-processes are dominating: f1,2 (E) « 
exp(—BeE), which can be considered as the plateau on the vibrational dis- 
tribution (see Section 5.2). The VV’-exchange processes are slower than 
VV-exchange because of the defect of resonance. For this reason, the tran- 
sition from the Treanor distribution to the eV-plateau (see Figure 5.16) takes 
place for heavy isotope at lower vibrational energies: 


hAw 


E2 = EY = : 
eV 2Xe 


eV 7 


(5.4.18) 
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FIGURE 5.16 
Vibrational distribution functions for two isotopes. (1) and (2) With significant influence of eV- 
processes. Dashed lines represent Boltzmann distribution. 


As a result, the direct isotopic effect can be higher than Equation 5.4.11, not 
taking into account eV-processes. The coefficient of selectivity k dependence 
on the degree of ionization is presented in Figure 5.17. At low degrees of 
ionization, the coefficient of selectivity corresponds to Equation 5.4.11. Then 
k grows with the degree of ionization. The selectivity coefficient reaches the 


FIGURE 5.17 
Isotopic effect coefficient dependence on ionization degree. 
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high value: 


Aw EY 
cop (S258), (5.4.19) 


when Ea corresponds to the eV-plateau for both isotopes (see Figure 5.16). 
Here, the vibrational energy EO corresponds to the vibrational distribu- 
tion transition from the Treanor function to the eV-plateau. The vibrational 
energy EY is inversely proportional to ne/no, and the selectivity coefficient 
also decreases with the degree of ionization. The maximum coefficient of 
selectivity occurs at the degree of ionization: 


Me kyy (0) 
no Kev 


exp(—dyvE,). (5.4.20) 


At higher electron concentrations, both vibrational distributions follow the 
Boltzmann functions with temperature Te from the relatively low vibra- 
tional levels and the isotopic effect decreases with the ionization and finally 
disappears (see Figure 5.17). 


5.4.5 Integral Effect of Isotope Separation 


The foregoing selectivity coefficients describe the ratio of rate coefficients 
of chemical reactions for different molecules-isotopes. Practical calculations 
require, however, the determination of the separation coefficient: 


pee (5.4.21) 


(11 /N2)0° 


This integral coefficient of isotope separation determines the change of 
molar fractions of different isotopes in mixtures and, hence, describes the 
effect of isotope enrichment in a system. Calculation of this coefficient is more 
complicated. Relatively simple expression for the separation coefficient can be 
found if the main channels of VT-relaxation and chemical reaction are related 
to the same molecules (Macheret et al., 1980a,b). Such a situation takes place 
in the plasma chemical systems H2-J2 and N2—O2 and considered for separa- 
tion of hydrogen and nitrogen isotopes in reactions stimulated by vibrational 
excitation. The particle balance equation in these mentioned kinetic systems 
(assuming the small difference of isotope mass Am/m < 2To/Ea) gives the 
coefficient of isotope separation: 


1 Ea Ea Am 
Rx ; A. 
exp or exp ( =) * oT) m | (5.4.22) 
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Here Pyr(To) is the averaged probability of VT-relaxation. According to 
Equation 5.4.22, the coefficient of isotope separation R depends on the vibra- 
tional temperature more than on the mass defect Am/m. This provides 
the possibility to reach high values of the isotope separation coefficient R 
even at low values of the mass defect Am/m, for example, for separation 
of heavy molecular isotopes of special importance. However, the strongest 
isotopic effect of that kind can be reached, for the separation of light iso- 
topes. An important example is H2-HD, where the selectivity in reactions 
H2 + J2 —> 2HJ and H2 + Br2 —> 2HBr reaches 1000. 


5.5 Kinetics of Electronically and Rotationally Excited 
States, Nonequilibrium Translational Distributions, 
Relaxation and Reactions of “Hot Atoms” in Plasma 


5.5.1 Kinetics of Population of Electronically Excited States, 
the Fokker-Planck Approach 


Transfer of electronic excitation energy in collisions of heavy particles is 
effective in contrast to VV-exchange only for a limited number of spe- 
cific electronically excited states. Even for high levels of electronic exci- 
tation, the transitions between electronic states are mostly due to colli- 
sions with plasma electrons at degrees of ionization exceeding 1076. In 
relatively low-pressure plasma systems, radiation transition also can be 
significant as well (Slovetsky, 1980). Models describing the population of 
electronically excited species in plasma were developed by Gudzenko and 
Yakovlenko (1978) and Biberman et al. (1982). Description of the highly 
electronically excited states can be accomplished in the framework of the 
Fokker-Planck diffusion approach (Beliaev and Budker, 1958; Pitaevsky, 
1962) similar to that considered for vibrational excitation. The possibil- 
ity to apply the diffusion in energy space approach is due to: (1) low 
energy intervals between the highly electronically excited states and (2) 
transitions occurring mostly between close levels in the relaxation colli- 
sions with plasma electrons. The population of these highly electronically 
excited states in plasma n(E) due to energy exchange with electron gas 
can be then found in the framework of the diffusion approach from the 
Fokker-Planck kinetic equation, similar to the kinetic equation 5.1.1 for 
vibrationally excited states: 


an(E) ə an(E) aInn® 
J -ġo ( a E ra) |. (5.5.1) 
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In this relation, n°(E) is the quasi-equilibrium population of the electroni- 
cally excited states, corresponding to the electron temperature Te: 


n? (E) x E~2 exp ( = 2 ) , (5.5.2) 
e 


Here E is the absolute value of the bonded electron energy; transition to 
continuum corresponds to the zero electron energy E = 0; E1 is the ground 
state energy (E1 > E). Note, that for E > Te, 3 ln n9°(E)/8E =1/Te in Equa- 
tion 5.1.1. The diffusion coefficient D(E) in energy space related to the energy 
exchange between bonded electrons of highly electronically excited particles 
with plasma electrons can be expressed (Kuznetsov and Raizer, 1965) as 


4/20 e*neE f 
3./mTe(4me9)2 ” 


where A is the Coulomb logarithm for the electronically excited state with 
ionization energy E. 


DŒ) = (5.5.3) 


5.5.2 Simplest Solutions of Kinetic Equation for Electronically Excited States 


To solve the kinetic equation in quasi-steady-state conditions, it is conve- 
nient to introduce a new variable, the relative dimensionless population of 
electronically excited states: 


_ n(E) 
WE) = ay: 


(5.5.4) 


Boundary conditions for Equation 5.5.1 can be taken as y(E1) = y1, y(0) = 
Yeyi. Parameters ye and y; are the electron and ion densities in plasma, 
divided by the corresponding equilibrium values. Then the quasi-steady- 
state solution of the kinetic equation 5.5.1 can be expressed in the following 


way: 
aerate) 
6 


Here x(x) is a function, determined by the integral 


y(E) = 


_ 4 fare 
K(x) = sa |! exp(—f) dt, (5.5.6) 
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and having the following asymptotic approximations 


4 
x(x) ¥1- aR n, ifx>1, (5.5.7) 
1 
1@) * 5 Tat ifx <1, (5.5.8) 


For electronically excited levels with energies E « Te « E1 close to contin- 
uum, this gives the relative population: 


1 E 5/2 1 E 5/2 
E) ~ Yey; | 1 - — | TEREN ES ;. 5.5.9 
Y(E) © Yeyi Jk (=) +O (=) > VeVi (5.5.9) 


The population of electronically excited states (Equations 5.5.4 and 5.5.9) 
is decreasing exponentially with the effective Boltzmann temperature Te and 
the absolute value corresponding to equilibrium with continuum y (E) > yeyi. 
For the opposite case E >> Te, the population of electronically excited states 
far from continuum can be found as 


4 EX (EN? 
= ; f 5.1 
y(E) ntun a exp ( =) (=) > 11 (5.5.10) 


In this range of the electronic excitation energy (far from continuum), the 
population is also exponential with effective temperature Te, but the absolute 
value corresponds to equilibrium with the ground state. Note that the Fokker- 
Planck approach, assuming diffusion of neutral particles in plasma along the 
energy spectrum, is much less accurate in describing the population of lower 
electronic levels, which are quite remote one from another. More accurately, 
the “modified” diffusion approach, including discrete consideration of the 
lower levels, was developed by Biberman et al. (1979). 

Practically, the Boltzmann distribution of electronically excited states with 
the temperature equal to the temperature of plasma electrons requires very 
high degree of ionization in plasma ne/no > 10-3 (although domination of 
energy exchange with electron gas requires only ne/no > 1076). This is mostly 
due to the influence of some resonance transitions and the non-Maxwellian 
behavior of electron energy distribution function at the lower degree of 
ionization. The radiative deactivation of electronically excited particles is 
required at low pressures, usually when p < 1-10 Torr. Contribution of the 
radiative processes decreases with the growth of excitation energy, for exam- 
ple, approaching continuum. This can be explained by the reduction of the 
intensity of the radiative processes and, conversely, intensification of colli- 
sional energy exchange when the electron bonding energy in atom becomes 
smaller. It follows that the numerical formula for a critical value of the electron 
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bonding energy applies 


1/4 
—3 
Ne, cM Ai 
o (to) * TeeV)", (6.5.11) 


Collisional energy exchange dominates when the excitation level is higher 
and electron binding energy is lower (E < Er). When the excitation level is 
not high and the bonding energy is significant E > Er, then, even though 
the electronic excitation is taking place, collisional processes still occur; the 
deactivation is mostly due to radiation. 


5.5.3 Kinetics of the Rotationally Excited Molecules, Rotational 
Distribution Functions 


Even in nonthermal discharges, the rotational and translational degrees of 
freedom are usually in equilibrium between them and can be characterized 
by the same temperature To. Consider the kinetics and evolution of the rota- 
tional energy distribution functions in nonequilibrium plasma conditions. 
Consider the rotational and translational relaxation of small admixture of rel- 
atively heavy diatomic molecules (mgc) in a light inert gas (ma). This was 
first described by Safarian and Stupochenko (1964). Low values of energy 
transferred per one collision permits the use in this case the Fokker—Planck 
kinetic equation: 


afEyErt) ð oe (3 - vas) 


at OE; dE 3E: 
a af =. anf 

bE . 5.5.12 
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In this relation f (E, Er, £) is the distribution function related to translational 
E; and rotational E, energies; f ©) (E, Er) is the equilibrium distribution func- 
tion corresponding to temperature Tp of the monatomic gas; the diffusion 
coefficient in energy space is characterized by parameter: 


32 ma 


b= 
3 mpc 


NaToQcol, (5.5.13) 


where Na is density of the monatomic gas particles (which is actually close 
to the total gas density), and Qj. is the dimensionless collisional inte- 
gral. The kinetic equation 5.5.12 independently represents the rotational and 
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translational relaxation processes. Then the averaged rotational distribution 
[06] 


fEr t) = [s (Et, Er, thd Et (5.5.14) 
0 


can be described by Equation 5.5.12, the simplified Fokker—Planck equation 
including only rotational energy 


ot 3B 


fE ð af(Ert) 1 
al E - Z fe). (5.5.15) 


Multiplication of Equation 5.5.15 by E, and following integrating from 0 to 
oo results in the macroscopic relation for the total rotational energy Et°tal; 


dE total Ftotal i Etotal (Ty) T 
— =- tO app = (5.5.16) 
dt TRT b 


Here trt is the RT-relaxation time, Etotal (To) is the equilibrium value of 
rotational energy at the inert gas temperature To. It is interesting to note that 
Equation 5.5.16 is valid for any kind of initial rotational distribution functions 
f(Er,t = 0). General solution of the kinetic equation 5.5.15 at the arbitrary 
initial rotational distribution functions f(E;,t = 0) can be presented as the 
series 


nt Er E; 
f (Ext) =} cnexp (-=) Ln (=) exp (-=), (5.5.17) 


TRT 


where Ln(x) are the Laguerre polynomials. Take the initial rotational distri- 
bution as Boltzmann distribution 


_ Nec Er 
fErt) = TRO exp | | P (5.5.18) 


with the initial rotational temperature T,(t = 0) Æ Tp. Then the solution of 
kinetic equation 5.5.15 shows that the rotational distribution function f (Er, £) 
maintains the same form of the Boltzmann distribution 5.5.18 during the relax- 
ation to equilibrium, but obviously with changing value of the rotational 
temperature approaching the translational one 


T,(t) = To + [Tr (t = 0) — Tol exp (-=) (5.5.19) 
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This important property of always maintaining the same Boltzmann dis- 
tribution function during relaxation to equilibrium (with only temperature 
change) is usually referred to as canonical invariance (Anderson et al., 1964). 


5.5.4 Nonequilibrium Translational Energy Distribution Functions: 
Effect of “Hot Atoms” 


Relaxation of the translational energy of neutral particles requires only a cou- 
ple of collisions and usually determines the shortest time scale in plasma 
chemical systems. The assumption of a local quasi-equilibrium is usually 
valid for the translational energy sub-system of neutral particles, even in 
strongly nonequilibrium plasma-chemical systems. The translational energy 
distributions in most of discharge conditions are Maxwellian with one local 
temperature T for all neutral components participating in plasma-chemical 
processes. However, this rule has some exceptions because of possible forma- 
tion of high-energy neutral particles in plasma, which strongly perturb the 
conventional Maxwellian distribution. Generation of the high-energy “hot” 
atoms can be related either to fast exothermic chemical reaction or to fast 
vibrational relaxation processes, if their frequencies can somewhat exceed 
the very high frequency of maxwellization. Consider separately these two 
possible sources of “hot atoms” in plasma-chemical systems. 


5.5.5 Kinetics of “Hot Atoms” in Fast VT-Relaxation Processes: 
The Energy-Space Diffusion Approximation 


Different elementary processes of the fast nonadiabatic VT-relaxation were 
discussed in Section 3.4.5. Probably the fastest of these are the relaxation 
processes of molecules, Mo, on alkaline atoms, Me, proceeding through inter- 
mediate formation of ionic complexes [Met Mo]. Thus molecular nitrogen 
NŠ vibrational relaxation on atoms of Li, K, and Na actually takes place at 
each collision which makes these alkaline atoms “hot” when they are added 
to the nonequilibrium nitrogen plasma (Ty >> To). Consider the evolution of 
the translational energy distribution function f (E) of a small admixture of 
alkaline atoms into a nonequilibrium molecular gas (Ty >> To), for simplicity, 
a diatomic gas. Under these conditions the translational energy distribution 
is determined by the kinetic competition of the fast VT-relaxation energy 
exchange between the alkaline atoms and the diatomic molecules and the 
maxwellization TT-processes in collisions of the same partners. The exponen- 
tial part of the steady-state distribution function f (E) then can be found from 
the Fokker—Planck kinetic equation describing the atoms diffusion along the 
translational energy spectrum (Vakar et al., 1981) 


Dyt (z + £) + DTT (z + £) =0. (5.5.20) 
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This continuous approach can be applied only for high energies: E >> 
hw. Consideration of lower energies requires more complicated discrete 
models. In Equation 5.5.20, Dyr and Drr are the diffusion coefficients of 
the alkaline atoms Me along the energy spectrum, respectively related to 
VT-relaxation and maxwellization. The translational energy distribution func- 
tion of the alkaline atoms f(E) depends upon the ratio of the diffusion 
coefficients (E) = Dry(E)/Dyr(E), which is proportional to ratio of the cor- 
responding relaxation rate coefficients. Integration of the linear differential 
equation 5.5.20 gives 


1 E 
qi) 


f(E) = Bexp | — | Se dE |, (5.5.21) 


where B is the normalization factor. The maxwellization is much faster than 
VT-relaxation and (E) > 1. According to Equation 5.5.21 this means that the 
distribution f (E) is Maxwellian with temperature equal to To, the translational 
temperature of the molecular gas. However, the situation can be different for 
the admixture of light alkaline atoms (e.g., Li, atomic mass m) into a relatively 
heavy molecular gas (e.g., N2 or CO2, molecular mass M > m), taking into 
account that the VT- and TT-relaxation frequencies are almost equal for this 
mixture. Because of the large difference in masses, the energy transfer during 
maxwellization can be lower than fiw at low energies u < 1. In accordance 
with Equation 5.5.21 the translational temperature of the light alkaline atoms 
can be equal not to the translational To but rather to the vibrational Ty (!) 
temperature of the main molecular gas (see illustration in Figure 5.18). For 
further calculation of the distribution function, the factor u (E) when m « M 
can be expressed as 


E+Ty (m E\? 
E) x E 5.5.22 
uE a EE (Gz) (5.5.22) 
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FIGURE 5.18 
Equilibrium between N3 vibrational degrees of freedom and Li translational degrees of freedom. 
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Taking into account the relations 5.5.21 and 5.5.22, it can be seen that the 
translation distribution function f (E) can be Maxwellian with vibrational tem- 
perature Ty only at relatively low translational energies E < E*. At higher 
energies E > E*, the factor is always large u >> 1 and the exponential decrease 
of f (E) always corresponds to the temperature To. The critical value of the 
translational energy E*(T,) can be found from the relations (Equations 5.5.21 
and 5.5.22) as 


* M , M\? 

E*(Ty) = —VTyho, if Ty >ħo| =), (5.5.23a) 
T 2/3 2 

E*(Ty) = (not (=) , if Ty < ho (=) ; (5.5.23b) 


Note that the visible f (E) decrease with temperature Ty is possible only at 
E > Ty, which requires E* > Ty. Taking into account Equation 5.5.23, it can be 
seen that the alkaline atoms can have “vibrational” temperature only if this 
temperature is not very high: 


2 
Ty < hw (=) (5.5.24) 
m 


5.5.6 “Hot Atoms” in Fast VT-Relaxation Processes: Discrete Approach 
and Applications 


The Fokker—Planck energy-space diffusion approximation applied above is 
valid only for energy intervals exceeding hw. Determination of f (E) on the 
smaller scale E < hw is more complicated and requires discrete considera- 
tion. In the most interesting conditions when u < 1 and f (E) is dominated 
mostly by the process of VT-relaxation (To « hw, m « M), the distribution 
function is actually almost discrete: the only possible translational energies 
are: 0, hw, 2hw,.... The maxwellization process (TT-relaxation) and the par- 
tial energy transfer into molecular rotation make the translational distribution 
function more smooth. Quite sophisticated mathematical consideration of the 
discrete random motion of the atoms along the translational energy spectrum 
results in the following analytical distribution function at E < hw (Vakar etal., 


1981): 
ID= — a E: xq =) || 


x exp (#2) 4 (= :) (5.5.25) 
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Here ®(x) is the normal distribution function. In this case, as one can see 
from Equation 5.5.25, the translational energy distribution f (E) at E < hw 
has nothing in common with any kind of Maxwellian distribution functions. 
Hence, if Ty < hw, the alkaline atoms distribution cannot be described by 
the vibrational temperature. From the restriction (Equation 5.5.24), one can 
conclude that the temperature of the light alkaline atoms corresponds to the 
vibrational temperature of molecular gas only if 


2 
ho < Ty < he (=) (5.5.26) 
m 


Within this framework, Doppler broadening measurements of the alkaline 
atoms can be used to determine the vibrational temperature of the molec- 
ular gas. According to Equation 5.5.26, this is possible only if M/m > 1. 
The heavier the alkaline atom, the larger is the difference between its 
temperature and vibrational temperature of molecules. This method of diag- 
nostics has been applied to measure the vibrational temperature of CO2 
in a nonequilibrium microwave discharge by adding a small amount of 
lithium and sodium atoms (Givotov et al., 1985). The Doppler broadening 
was observed by the Fourier analysis of the Li spectrum line (transition 
2254 jo-2p /2, > = 670.776 nm) and the Na-spectrum line (transition 3251 127 
3?p1/2, A = 588.995 nm). Some results of these experiments are presented 
in Figure 5.19 to demonstrate the effect of “hot” atoms, related to fast 
VT-relaxation. Although the gas temperature in the nonthermal discharge 
was less than 1000 K, the alkaline temperature (Figure 5.19) was up to 10 
times larger. The sodium temperature (M/m = 1.9) was always lower than 
the temperature of lithium atoms (M/m = 6.3). Similar measurements in 
nonequilibrium nitrogen plasma using in-resonator-laser-spectroscopy of Li, 
Na, and Cs additives were accomplished by Ahmedganov et al. (1986). The 
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FIGURE 5.19 


Temperature of Li and Na atoms in CO2 microwave discharge as function of (a) pressure (energy 
input 3 J/cm’), (b) energy input (pressure 15.6 kPa). 
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relaxation-induced effect of hot atoms could be observed not only in the case 
of alkaline atoms additives. As discussed in Section 3.4.5, the fast nonadi- 
abatic VT-relaxation with frequencies comparable to maxwellization can be 
generated by symmetrical exchange reactions (Equation 3.4.27). Even the adi- 
abatic Landau-—Teller mechanism of vibrational relaxation can provide the 
hot atoms in some special conditions. This effect is due to the exponential 
acceleration of VT-relaxation with the translational energy of atoms. Being 
accelerated once, a group of atoms can support their high energy in fast 
Landau-Teller VT-relaxation collisions because of their high velocity and low 
Massey-parameters. 


5.5.7 “Hot Atoms” Formation in Chemical Reactions 


If fast atoms generated in exothermic reactions react again before maxwelliza- 
tion, they are able to perturb significantly the translational distribution 
function. The formed group of hot atoms is able to accelerate the exother- 
mic chemical reactions. The fast laser-chemical chain reaction, stimulated in 
H2-F2 


H + Fz > HF* +F, F+H — HF* +H (5.5.27) 


is a good example of such generation of hot atoms in fast exothermic chem- 
ical reactions (Piley and Matzen, 1975). In nonequilibrium, plasma-chemical 
systems the “hot atoms” can be generated in endothermic chemical reac- 
tions as well. For example, as shown in Section 5.3.2, vibrationally excited 
molecules participate in endothermic reaction with some excess of energy, 
which depends on slope of the vibrational distribution function f (E) and in 
average equals to 


(5.5.28) 


This energy can be large and much exceeds the value of a vibrational quan- 
tum. This situation occurs mostly in the slow reaction limit. Vibrationally 
excited molecules in nonthermal discharges are very effective in stimulating 
endothermic chemical reactions. However, exothermic elementary reactions 
with activation barriers are not effectively stimulated by the molecular vibra- 
tions (see Section 3.7.3) and can retard the whole plasma-chemical process. 
In this case, hot atoms can make a difference due to their high efficiency 
in stimulating of exothermic processes. Plasma-chemical NO-synthesis in 
nonthermal air plasma is a good relevant example. The NO-synthesis in 
moderate, atmospheric pressure, and nonthermal air plasma can be effec- 
tively stimulated by vibrational excitation of N2 molecules. The synthesis 
proceeds following the Zeldovich mechanism including the chain reaction 
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(Rusanov and Fridman, 1976) 


O+N% > NO+N, EY =32eV, AH =3.2eV, (5.5.29) 
N+0O,—>NO+0, E® =0.3eV, AH =—-1.2eV. (5.5.30) 


The fast reverse reaction of NO destruction 
N+NO > No+0 (5.5.31) 


has no activation energy and as an alternative reaction of atomic nitro- 
gen strongly competes with the direct synthesis reaction (Equation 5.5.31). 
Comparing the rates of Equations 5.5.30 and 5.5.31 it can be seen that the com- 
petition between these reactions restricts the concentration ratio [NO]/[O2] 
and hence, the degree of conversion of air into NO, because the reaction 
(Equation 5.5.30) has activation energy and the reaction (Equation 5.5.31) does 
not. Numerically, this prevents formation of more than approximately 0.5- 
1% of NO in nonequilibrium discharges with Ty ~ 3000—5000K and To ~ 
600—800 K. Vibrational excitation is not effective in stimulating the reaction 
(Equation 5.5.30), but the “hot nitrogen atoms,” generated in Equation 5.5.29 
with reasonably high energy (Equation 5.5.28) are able to accelerate (Equa- 
tion 5.5.30) while influencing little the rate of the reverse reaction (Grigorieva 
et al., 1984). The kinetic equation for the nitrogen atoms can be solved taking 
into account their formation in the endothermic reactions (Equation 5.5.29) 
stimulated by vibrational excitation, maxwellization in TT-relaxation, and 
their losses in chemical processes under the simplest conditions; the following 
distribution function is obtained: 


NE xf E+ Bee at (es + =) (5.5.32) 
Vmax B 

Here, A ) (E) is the nitrogen atoms distribution function unperturbed 
by the hot atoms effect; VR/Vmax is frequency ratio of Equation 5.5.21 to 
the maxwellization; ine (E) is vibrational distribution function of nitrogen 
molecules; EP is activation energy of the reaction; coefficient B shows the 
fraction of the excess vibrational energy released in the reaction (Equation 
5.5.21) and going to translational energy of a nitrogen atom. Interpretation 
of the distribution (Equation 5.5.32) is clear. The hot atoms are represented 
by the second term and actually copy the vibrational distribution function of 
nitrogen molecules after adjusting the activation barrier with the scaling fac- 
tor B. The hot atoms are able to increase the maximum conversion of air into 
NO. This effect is shown in Figure 5.20 (Grigorieva et al., 1984) and becomes 
stronger at higher oxygen fractions. The effect of hot atoms is of special inter- 
est for plasma processes in supersonic gas flows. In these systems, the gas 
temperature can be so low that several secondary exothermic processes are 

stopped even though they have very small activation energy. 
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FIGURE 5.20 
Maximum NO-yield at low translational temperature (Tg < 1500 K) without (1) and with (2) the 
contribution of the hot atoms effect. 


5.6 Energy Efficiency, Energy Balance, and Macrokinetics 
of Plasma-Chemical Processes 


Energy cost and energy efficiency of a plasma-chemical process is related 
to its mechanism. The same process in different discharge systems or under 
different conditions (corresponding to different mechanisms) requires very 
different expenses of energy. For example, plasma-chemical purification of 
air from small amount of SO2 using pulse corona discharge requires 50-70 
eV/mol. The same process stimulated under the special plasma conditions 
required by relativistic electron beams requires about 1 eV/mol and hence 
requires two orders of magnitude less of electrical energy so almost a hundred 
times less electric energy (Baranchicov et al., 1990). 


5.6.1 Energy Efficiency of Quasi-Equilibrium and Nonequilibrium 
Plasma-Chemical Processes 


The energy efficiency y is the ratio of the thermodynamically minimal energy 
cost of the plasma-chemical process (which is usually the reaction enthalpy 
AH) to the actual energy consumption Wplasma 


AH 


n= (5.6.1) 


Wplasma 


The energy efficiency of the quasi-equilibrium plasma-chemical systems 
organized in thermal discharges is usually relatively low (less than 10-20%). 
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This is due to two major factors: 


1. Thermal energy in the quasi-equilibrium plasma is distributed over 
all components and all degrees of freedom of the system, but most of 
them are useless in stimulating the plasma-chemical reaction under 
consideration. Obviously, this makes products of chemical processes 
using thermal plasma relatively more expensive if heat recuperation 
is not arranged. 


2. If the high temperature gas generated in thermal plasma and con- 
taining the process products is slowly cooled afterwards, the process 
products will be converted back into the initial substances by the 
reverse reactions. Conservation of products of the quasi-equilibrium 
plasma-chemical processes requires applying quenching, for exam- 
ple, very fast cooling of the product to avoid reverse reactions. The 
quenching is an important factor limiting energy efficiency. 


Energy efficiency of the quasi-equilibrium plasma chemical processes 
intrinsically depends on the type of quenching employed. Energy efficiency of 
the nonequilibrium plasma-chemical systems can be much higher. If correctly 
organized, the nonthermal plasma-chemical process discharge power can be 
selectively focused on the chemical reaction of interest without heating the 
whole gas. Also low bulk gas temperatures automatically provide products 
stability with respect to reverse reactions without any special quenching. The 
energy efficiency in this case strongly depends on the specific mechanism of 
the process. 


5.6.2 Energy Efficiency of Plasma-Chemical Processes Stimulated by 
Vibrational Excitation of Molecules 


This mechanism can provide the highest energy efficiency of endothermic 
plasma-chemical reactions in nonequilibrium conditions due to the following 
four factors: 


1. The major fraction (70-95%) of the discharge power in most molecular 
gases (including N2, H2,CO,COz, etc.) at Te © 1 eV canbe transferred 
from the plasma electrons to the vibrational excitation of molecules 
(see Figures 3.9 through 3.16). 


2. The rate of VT-relaxation is usually low at low gas temperatures. 
For this reason, the optimal choice of the degree of ionization and 
the specific energy input permits spending most of the vibrational 
energy on stimulating chemical reactions. 


3. The vibrational energy of molecules is the most effective in stimulat- 
ing endothermic chemical processes (see Section 3.7.3). 
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4. The vibrational energy necessary for an endothermic reaction is usu- 
ally equal to the activation barrier of the reaction and is much less 
than the energy threshold of the corresponding processes proceed- 
ing through electronic excitation. For example, the dissociation of 
Hethrough vibrational excitation requires 4.4 eV. The same process 
proceeding through excitation of electronically excited state ° £t 
requires more than twice the energy: 8.8 eV (see Figure 3.1a). 


Some processes, stimulated by vibrational excitation, are able to consume 
most of the discharge energy. Probably the best example is the dissociation 
of CO2, which can be arranged in nonthermal plasma with energy efficiency 
up to 90% (Givotov et al., 1981; Asisov et al., 1985). In this case, almost all of 
the discharged power is spent selectively on the chemical process. No other 
mechanism provides such high energy efficiency. 


5.6.3 Dissociation and Reactions of Electronically Excited Molecules 
and Their Energy Efficiency 


None of the four kinetic factors listed above to influence positively the energy 
efficiency can be applied to plasma-chemical processes proceeding through 
electronic excitation. The energy cost of chemical products generated this 
way is relatively high. Numerically, the energy efficiency of this type of 
plasma-chemical processes usually does not exceed 20-30%. Plasma-chemical 
processes stimulated by electronic excitation can be energy effective if they 
initiate chain reactions. For example, such a situation takes place in NO- 
synthesis, where the Zeldovich mechanism (Equations 5.5.29 and 5.5.30) can 
be effectively initiated by dissociation of molecular oxygen through electronic 
excitation. 


5.6.4 Energy Efficiency of Plasma-Chemical Processes Proceeding through 
Dissociative Attachment 


The energy threshold of the dissociative attachment is lower than the thresh- 
old of dissociation into neutrals. When the electron affinity of the products is 
large (e.g., some halogens and their compounds), the dissociative attachment 
even can be exothermic and has no energy threshold at all. This means not 
only a low energy price for the reaction, but also the transfer of the important 
part of electron energy into dissociative attachment. These are very posi- 
tive factors in obtaining low energy cost of products through the dissociative 
attachment. However, the energy efficiency of the dissociative attachment is 
strongly limited by the energy cost of producing an electron, which is lost 
during attachment and following ion-ion recombination. The energy cost of 
an electron can be easily calculated from Figures 3.9 through 3.16 and numer- 
ically is approximately 30-100 eV (at high electron temperatures typical for 
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strongly electronegative gases it is about 30 eV). Consider as an example the 
plasma-chemical dissociation of NF3. The process is promoted by dissocia- 
tive attachment with energy price of 30 eV/mol, which corresponds to the 
energy cost of an electron in the NF3 discharge (Conti et al., 1999). The energy 
price of dissociative attachment, which is controlled by the cost of an elec- 
tron (about 30-100 eV), is obviously high and much exceeds the dissociation 
energy. Therefore, the plasma-chemical process based on dissociative attach- 
ment can be energy effective, if the same one electron, generated in plasma, 
is able to participate in the reaction many times. In such chain reactions, the 
detachment process and liberation of the electron from the negative ion should 
be faster than the loss of the charged particle in ion-ion recombination. As an 
example of such chain process, consider the dissociation of water in nonther- 
mal plasma, which at high degrees of ionization can be arranged as a chain 
reaction (Bochin et al., 1977): 


e+H20 —> H` + OH, (5.6.2) 
e+H > H+e+e. (5.6.3) 


The first reaction in the chain is the dissociative attachment and the sec- 
ond is the electron impact detachment process. The rate coefficient of the 
detachment is fairly large and at electron temperatures of about 2 eV can 
reach 1076 cm/s. The energy efficiency of this chain process of water disso- 
ciation can be relatively high (40-50%, see Figure 5.24). However, achieving 
such energy efficiency requires very high values of the degree of ionization 
typically exceeding 1074 (Bochin et al., 1979). The required high value of 
the degree of ionization is due to the kinetic competition of the detachment 
reaction (Equation 5.6.3) with the fast ion—molecular reaction: 


H- + H20 > H; + OH”. (5.6.4) 


The negative hydroxyl ion OH™ produced in the ion—molecular reaction 
(Equation 5.6.4) is stable with respect to detachment and participates in fast 
ion-ion recombination, which in turn leads to loss of the charged particle and 
to chain termination. 


5.6.5 Methods of Stimulation of the Vibrational—Translational 
Nonequilibrium in Plasma 


5.6.5.1 Vibrational-Translational Nonequilibrium, Provided by 
High Degree of Ionization 


This is the most typical way of vibrational excitation in nonthermal plasma. 
It requires the vibrational excitation frequency (which is proportional to the 
electron concentration ne) to be faster than VT-relaxation frequency (which 
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is proportional to gas concentration nọ, or in some more specific cases to the 
concentration of neutral species the most active in the relaxation). For this 
reason, significant vibrational—translational nonequilibrium can be reached 
when the degree of ionization exceeds the critical value: 


Ne ke (To) 


no key (Te) l 


(5.6.5) 


Here key (Te) is the rate coefficient of excitation of the lower vibrational 
levels in plasma by electron impact; ke (To) is the VT-relaxation rate coeffi- 
cient from the low vibrational levels (correlated with the concentration no). 
To achieve Ty >> To in room temperature nitrogen plasma (with Te ~ 1 eV), 
Equation 5.6.5 requires ne/no > 10-9; at the same conditions in CO>2-plasma 
it requires ne/no > 1076. 


5.6.5.2 Vibrational-Translational Nonequilibrium, Provided by Fast Gas 
Cooling 


The vibrational-translational nonequilibrium Ty >> To can be achieved not 
only by increase of vibrational temperature, but also by rapidly decreasing the 
translational temperature. Such stimulation of the vibrational-translational 
nonequilibrium can be organized by using the expansion in supersonic nozzle 
for rapid cooling of the gas highly preheated in thermal plasma. This effect 
plays the key role in providing nonequilibrium and subsequent radiation in 
the gas-dynamic lasers (Losev, 1977). 

The third method of stimulating the vibrationaltranslational nonequilib- 
rium is related to the fast transfer of vibrational energy in nonequilibrium 
systems. This phenomenon, which is a generalization of the Treanor effect on 
vibrational energy transfer, is more sophisticated and will be discussed next. 


5.6.6 Vibrational-Translational Nonequilibrium, Provided by Fast Transfer 
of Vibrational Energy: The Treanor Effect in Vibrational Energy Transfer 


Cold gas flowing around the high temperature plasma zone provides 
the vibrational-translational nonequilibrium in the area of their contact 
(Kurochkin et al., 1978). In particular, this effect is due to the higher rate of 
vibrational energy transfer from the quasi-equilibrium high temperature zone 
with respect to the rate of translational energy transfer (Dobkin and Son, 1982). 
The possibility of fast transfer of vibrational energy in nonequilibrium condi- 
tions is illustrated in Figure 5.21. The average value of a vibrational quantum 
is lower because of the anharmonicity at higher vibrational temperatures. 
The fast VV-exchange during the transfer of the vibrational quanta makes the 
vibrational quanta motion from high Ty to lower Ty, more preferable than in 
the opposite direction. This effect can be interpreted as the domination of the 
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FIGURE 5.21 


Treanor effect in vibrational energy transfer. 


vibrational energy transfer over the transfer of translational energy, and can 
also be interpreted as an additional VV-flux of vibrational energy (Liventsov 
et al., 1983, 1984): 


2xXeħw 
z v1vı—1 44e 
Jvv © —ungho ll Qe voit To 


(v2 — 01) f1 (01) f2(v2)dv1d02. (5.6.6) 


In this relation u is the average thermal velocity of molecules; f(v) is 
the vibrational distribution function expressed with respect to the number 
v of vibrational quanta; Q are the probabilities of VV-exchange; ng is the 
gas density; subscripts “1” and “2” are related to two planes (Figure 5.21) 
with the distance between them equal to the mean free path. The described 
phenomenon of preferable transfer of vibrational energy in nonequilibrium 
conditions is actually a generalization of the Treanor effect (see Figure 4.4) on 
the case of space transfer of vibrational energy. Integrating Equation 5.6.6 and 
using Equation 3.5.5 for the probabilities Q of VV-exchange between anhar- 
monic oscillators and taking into account only the relaxation processes close 
to resonance results in the VV-vibrational energy transfer flux: 


2Xehw 
To 


Ivy = —unohw QDI) (U2) — (01) (05)), (5.6.7) 


where (v) and (v?) are the first and second momentum of the vibrational dis- 
tribution function. The additional VV-vibrational energy flux (Equation 5.6.7) 
can be recalculated into the relative increase of the coefficient of vibrational 
temperature conductivity AD, with respect to the conventional coefficient 
of temperature-conductivity Do. It can be done based on Equation 5.6.7, and 
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taking the vibrational distribution as the initial part of the Treanor function 
(Liventsov et al., 1983, 1984): 


AD 1 + 30g + 7292 XeT2 
“ ~ 40g 4 iB q= — 
Do (1 + 2q) Tohw 


(5.6.8a) 


As seen from Equation 5.6.8a, the effect is strong for molecules such as CO», 
CO, N20 with VV-exchange provided by long distance forces, which results 
in QI? x 1. As always with the Treanor effects, anharmonicity xe Æ 0, q # 0 
is necessary for the phenomenon to occur. In room temperature CO2-plasma 
with Ty = 6000 K: the transfer of vibrational energy (Dy) according to Equa- 
tion 5.6.8a can exceed the transfer of translational energy (Do) almost a 
hundred times. Such a large difference in the coefficients of vibrational 
and translational energy conductivity is able to support high level of the 
vibrational-translational nonequilibrium. The Treanor effect (Equation 5.6.8a) 
is strong in developing of nonequilibrium only if the factor q is large before- 
hand. This means that some nonequilibrium occurs preliminarily in a different 
way. Such initial vibrational-translational nonequilibrium can be due to elec- 
tron impact but at relatively low degrees of ionization this can be also be 
provided by the following three effects: 


1. Effect of nonresonant VV-exchange. Vibrational quanta move in a sys- 
tem with a temperature gradient from the higher T,-zone (where 
average quantum is lower because of anharmonicity) to the lower 
Ty-zone (where average quantum is larger). During the vibrational 
thermal conductivity, the vibrational quanta have a tendency to grow, 
taking energy defect from the translational degrees of freedom in the 
nonresonant VV-relaxation. Even in quasi-equilibrium systems, the 
vibrational conductivity leads to some small but notable gas cool- 
ing AT and, hence, some vibrational-translational nonequilibrium 
on the level: 

ATo = Ty — To a T 


5.6.8b 
To T; a 082) 


2. Recombination effect. Diffusion of atoms and radicals from the high 
temperature zone of thermal discharges to the low temperature zone 
results in recombination and hence, an over-equilibrium concentra- 
tion of vibrationally excited molecules. 


3. Specific heat effect. Mixing of quasi-equilibrium hot and cold gases 
averages their energies and translational temperatures, but not their 
vibrational temperatures (because of the nonlinear dependence of 
vibrational energy on temperature, and growth of specific heat with 
temperature). The growth of the vibrational specific heat with tem- 
perature results in vibrational—translational nonequilibrium Ty > To 
with temperature difference of about 1/2 hw. 
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5.6.7 Energy Balance and Energy Efficiency of Plasma-Chemical Processes 
Stimulated by Vibrational Excitation of Molecules 


The vibrational energy balance in the plasma-chemical process can be illus- 
trated by the simplified, one-component equation taking into account vibra- 
tional excitation by electron impact, VT-relaxation and chemical reaction: 


kevnehw dt 


t 

dev Ty) _ ay N | 
dt 

0 


— K (To)no (ev (Ty) — svo (Tv = To)) — kev, To) n0 AQ. (5.6.9) 


The left-hand side of this equation represents the change of the vibra- 
tional energy per molecule, which in the one mode approximation and 
XeT2 / Toħœ < 1 can be expressed by the Planck formula: 


ho 
a LN 7 
= ]-1 
exp (3) 

The first term on the right-hand side of Equation 5.6.9 describes the vibra- 
tional excitation (rate coefficient key, density xe). The Heaviside function in 
thisterm0(x) : [0 = 1, if x > 0; 0 = 0, if x < 0] restricts the vibrational energy 
inputin the discharge per one molecule by the value of Ey. If most of discharge 
power is going into vibrational excitation of molecules, the specific energy 
input Ey per one molecule is equal to the ratio of the discharge power over 


the gas flow rate through the discharge. It is related with the energy efficiency 
(n) and the degree of conversion (x) 


ey (Ty) = (5.6.10) 


AH 
yeas (5.6.11) 
Ey 


where AH is the enthalpy of the plasma-chemical reaction. The second term on 
the right-hand side of Equation 5.6.9 describes the VT-relaxation from lower 
vibrational levels; no is the gas density. The third term on the right-hand 
side is related to vibrational energy losses in chemical reaction (reaction rate 
kp (Ty, To)) and the relaxation channels having rates corresponding to those of 
the chemical reaction. In this term, the total losses of AQs vibrational energy 
per one act of chemical reaction are 


E 
AQz = + (AEy) + Aeyr + Ag’. (5.6.12) 


Here E,/a is the vibrational energy necessary to overcome the activation 
barrier (a is the efficiency of vibrational energy, see Section 3.7.3); (AEy) 


306 Plasma Physics and Engineering 


characterizes the excess of vibrational energy in chemical reaction (Equation 
5.5.28); Aeyr and Aek” are losses of vibrational energy, respectively, due 
to VT-relaxation from high levels and to nonresonance of VV-exchange, 
expressed with respect to one act of chemical reaction (Equations 5.3.30 
and 5.3.33). 


5.6.8 Energy Efficiency as a Function of Specific Energy Input 
and Degree of lonization 


The reaction rate coefficient depends more strongly on the vibrational tem- 
perature T, than all other terms in the balance Equation 5.6.9). In the case of 
weak excitation, the rate coefficient can be estimated as 


kg (Ty, To) = A(To) exp (-2) . (5.6.13) 


The pre-exponential factor A(To) differs from the conventional Arrhenius 
factor A,r. For example, in the case of the Treanor distribution function, 
A(To) = Aarr exp (XeE2 /Tohw). Based on Equation 5.6.9, the critical value of 
vibrational temperature when the reaction and VT-relaxation rates are equal 
is given by 


A(T9) AQs 


oe Ea ln! . 
. KO (To) ho 


(5.6.14) 


An increase of vibrational temperature results in much stronger exponential 
acceleration of the chemical reaction with respect to vibrational relaxation. 
This means that at high vibrational temperatures Ty > T™in, almost all 
the vibrational energy is going to chemical reaction according to Equation 
5.6.9. Conversely, at lower vibrational temperatures Ty < T™” almost all 
vibrational energy can be lost in vibrational relaxation. The critical vibra- 
tional temperature T™ "determines the threshold dependence of the energy 
efficiency of plasma-chemical processes y(Ey), stimulated by vibrational 
excitation, on the specific energy input Ey (see Equation 5.6.9): 


i ho 
(Ey) threshold = ey(Ty) == a ae (5.6.15) 
exp ( ) 


min 
TY 


If the specific energy input is lower than the threshold value Ey < 
(Ev)threshola, the vibrational energy cannot reach the critical value Ty < foe 
and the energy efficiency is very low. The typical threshold values of energy 
input for plasma-chemical reactions stimulated by vibrational excitation 
are approximately 0.1—0.2eV/mol. The threshold in the dependence (Evy) 
is a very important qualitative feature of the plasma-chemical processes 
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FIGURE 5.22 

Energy efficiency of CO2-dissociation as a function of energy input. (1 and 2) Nonequilibrium 
calculations in 1-Ty and 2-Ty approximations; nonequilibrium calculations for supersonic flows: 
(3) M = 5, (4) M = 3.5; calculations of thermal dissociation with (5) ideal quenching and (6) super- 
ideal quenching; thermal dissociation with quenching rates of (7) 10? K/s; (8) 108 K/s; (9) 107 
K/s. Different experiments in microwave discharges: , O, A, X. Experiments in supersonic 
microwave discharges: . Experiments in different RF-CCP discharges: O, V. Experiments in 
RF-ICP discharges: o. Experiments in different arc discharges: ®, x. 


stimulated by vibrational excitation. For example, to avoid intense disso- 
ciation of carbon dioxide in a gas-discharge CO>-laser, the specific energy 
input is always limited by the threshold value. The dependences n(Ey) are 
shown in Figures 5.22 through 5.24 for specific plasma-chemical processes 
of dissociation of CO2, H2O and NO-synthesis, stimulated by vibrational 
excitation (Rusanov and Fridman, 1984). Another important feature of the 
plasma-chemical processes stimulated by vibrational excitation, which can 
be observed in Figures 5.22 through 5.24 is the maximum in the dependence 
n(Ey). The optimal value of the specific energy input is usually about 1 eV. 
At larger values of the specific energy input, the translational temperature 
increases, which accelerates VT-relaxation and decreases the energy efficiency. 
Also at large energy inputs Ey, the major fraction of the discharge energy can 
be spent on useless excitation of products. Even ifthe plasma-chemical process 
degree of conversion x approaches 100% at high energy inputs, the energy 
efficiency (see Equation 5.6.11) decreases hyperbolically with the energy input 
n x AH/Ey. If the vibrational temperature exceeds the critical one Ty > T™™, 
the relaxation losses in Equation 5.6.9 can be neglected with almost entire 
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FIGURE 5.23 

Energy efficiency of NO-synthesis in air as a function of energy input. (1) Nonequilibrium process 
stimulated by vibrational excitation. Thermal synthesis with (2) ideal and (3) absolute quenching. 
Experiments with microwave discharges (°). With discharges sustained by electron beams (9, 
4, 0). 


energy going through vibrational excitation into the chemical reaction. The 
steady-state value of vibrational temperature can then be found from the 
balance equation 5.6.9) taking into account (Equation 5.6.13) as 
st -1 (AM) AQ» no 
TS = Ealn (Aper =) . (5.6.16) 
This steady-state vibrational temperature exceeds the critical temperature 
(Equation 5.6.14) when the electron concentration exceeds the corresponding 
critical value (Equation 5.6.5). In general, the energy efficiency of plasma- 
chemical processes stimulated by vibrational excitation grows with the degree 
of ionization. An example of the dependence y(ne/no) is presented in Fig- 
ure 5.25 for the plasma-chemical process of CO? dissociation stimulated by 
vibrational excitation. 


5.6.9 Components of Total Energy Efficiency: Excitation, Relaxation, and 
Chemical Factors 


The total energy efficiency of any plasma-chemical process can be subdivided 
into the three main components: (1) excitation factor (Nex), (2) relaxation factor 
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FIGURE 5.24 

Energy efficiency of water vapor dissociation as a function of energy input. (1 and 2) Thermal dis- 
sociation with absolute and ideal quenching. (3 and 4) Super-absolute and super-ideal quenching 
mechanisms. (5) Nonequilibrium decomposition due to dissociative attachment. (6) Nonequi- 
librium dissociation stimulated by vibrational excitation. Different experiments in microwave 
discharges (%, +). 


Nvr % 


70 


50 


30 Ig (nd 
ga Edno 


FIGURE 5.25 
Dependence of CO2-dissociation energy efficiency on ionization degree. Ey = 0.5 eV/mol. 
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(Mrel) and (3) chemical factor (chem): 


N = Nex X Nrel X Nchem: (5.6.17) 


The excitation factor shows the fraction of discharge energy directed to 
produce the principal agent of the plasma-chemical reaction. For example, in 
the plasma-chemical process of NF; dissociation for cleaning CVD chamber 
(Conti et al., 1999), these factors show the efficiency of generation of F-atoms 
responsible for cleaning. In plasma-chemical processes stimulated by vibra- 
tional excitation, the excitation factor (nex) illustrates the fraction of electron 
energy (or discharge energy, which is often the same), going to vibrational 
excitation of molecules. This factor depends on the electron temperature and 
gas composition; at Te ~ 1eV it can reach 90% and above. 

The relaxation factor (nrel) is the efficiency related to conservation of the 
principal active species (like the F-atoms or vibrationally excited molecules 
in the above examples) with respect to their losses in relaxation, recombi- 
nation, and so on. In plasma-chemical processes stimulated by vibrational 
excitation, the factor ^re; shows the fraction of vibrational energy which can 
avoid vibrational relaxation and be spent in the chemical reaction of inter- 
est. Taking into account that vibrational energy losses into VT-relaxation 
are small inside of discharge zone if Ty > Tom, we can express the fac- 
tor Mre] as a function of specific energy input Ey near the threshold value 
(Equation 5.6.15): 


Ey — ey(T™™) 


E (5.6.18) 


Nrel = 


Equation 5.6.18 includes the threshold of the dependence (Ey) (see Fig- 
ures 5.22 through 5.24), and again shows that when the vibrational tempera- 
ture finally becomes lower than critical temperature, most of the vibrational 
energy going to VT-relaxation comes from lower levels. The relaxation factor 
(Nrel) strongly depends on temperature in accordance with the Landau-Teller 
theory (see Section 3.4). For example, at very low translational temperatures 
To © 100 K in a supersonic microwave discharge, the relaxation factor can be 
very high (more than 97%) (Rusanov et al., 1982). 

The chemical factor (chem) is a component of Equation 5.6.17, which shows 
the efficiency of application of the principal active discharge species in chem- 
ical reaction. In the example of NF3 dissociation and F-atoms generation for 
cleaning CVD-chambers, the chemical factor (chem) shows the efficiency of 
atomic fluorine in gasification of silicon and its solid compounds. In reactions 
stimulated by vibrational excitation, this factor based on the balance equation 
can be presented as 


AH 
Ea/a + (AEy) + Aeyr + Agcy 


Nchem = (5.6.19) 
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The chemical factor restricts the energy efficiency mainly because the 
activation energy quite often exceeds the reaction enthalpy: Ea > AH. For 
example, in the plasma-chemical process of NO-synthesis, proceeding by 
the Zeldovich mechanism (Equations 5.5.29 and 5.5.30), the second reac- 
tion is significantly exothermic. It results in low value of the chemical factor 
Nchem * 50% (Asisov et al., 1980) and restricts the total energy efficiency, see 
Figure 5.23. 


5.7 Energy Efficiency of Quasi-Equilibrium 
Plasma-Chemical Systems: Absolute, Ideal, 
and Super-Ideal Quenching 


5.7.1 Concepts of Absolute, Ideal, and Super-Ideal Quenching 


Thermal plasma-chemical processes can be subdivided into two phases. In 
the first one, reagents are heated to high temperatures necessary to shift 
chemical equilibrium in the direction of the products. In the second phase 
called quenching, the temperature decreases fast to protect the products 
produced on the first high temperature phase from the reverse reactions. 
Absolute quenching means that the cooling process is sufficiently fast to 
save all products formed in the high temperature zone. In the high tem- 
perature zone, initial reagents are partially converted into the products of 
the process, but also into some unstable atoms and radicals. In the case of 
absolute quenching, stable products are saved, but atoms and radicals dur- 
ing the cooling process are converted back into the initial reagents. Ideal 
quenching means that the cooling process is very effective and able to main- 
tain the total degree of conversion at the same level as was reached in the 
high temperature zone. The ideal quenching not only saves all the prod- 
ucts formed in the high temperature zone, but also provides conversion of 
all the relevant atoms and radicals into the process products. It is interest- 
ing that during the quenching phase, the total degree of conversion can be 
not only saved, but even increased. Such quenching is usually referred to 
as the super-ideal one. Super-ideal quenching permits increasing the degree 
of conversion during the cooling stage, using the chemical energy of atoms 
and radicals as well as the excitation energy accumulated in molecules. In 
particular, the super-ideal quenching can be organized when the gas cooling 
is faster than VT-relaxation, and the vibrational—translational, nonequilib- 
rium Ty > To can be achieved during the quenching. In this case, direct 
endothermic reactions are stimulated by vibrational excitation, while reverse 
exothermic reactions related to translational degrees of freedom proceeds 
slower. Such an unbalance between direct and reverse reactions provides 
additional conversion of the initial substances, or in other words, provides 
super-ideal quenching. 


312 Plasma Physics and Engineering 


2 3 4 5 6 T,Kx10° 


FIGURE 5.26 
Equilibrium composition for CO2 thermal decomposition (p = 0.16 atm): (1) O, (2) O2, (3) CO, 
(4) CO, (5) C. 


5.7.2 Ideal Quenching of CO2-Dissociation Products in Thermal Plasma 


Thermodynamically, equilibrium composition of the CO -dissociation prod- 
ucts in thermal plasma depends only on temperature and pressure. This 
temperature dependence, which is much stronger than the pressure depen- 
dence, is presented in Figure 5.26. The main products of the plasma-chemical 
process under consideration: 


1 
CO2 + CO+ 502, AHco, =2.9eV (5.7.1) 


are the saturated molecules CO and O2. Also the high temperature heating 
provide significant concentration of atomic oxygen and also atomic carbon 
at very high To. If quenching of the products is not sufficiently fast, the slow 
cooling could be quasi-equilibrium and reverse reactions would return the 
composition to the initial one, for example, pure CO . Fast cooling rates 
(>108 K/s) permits saving CO in the products (Levitsky et al., 1981). In this 
case, atomic oxygen recombines O + O + M —> O2+M faster than reacting 
with carbon monoxide O + CO + M — CO» + M, which maintains the CO2 
degree of conversion and hence, the conditions for the ideal quenching. In 
this case, this is the same as the absolute quenching. Energy efficiency of 
the quasi-equilibrium process with ideal quenching can be calculated in this 
case as follows. First, the energy input per one initial CO2-molecule required 
to heat the dissociating CO2 at constant pressure to temperature T can be 
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FIGURE 5.27 
Energy efficiency of CO2 thermal dissociation as a function of heating temperature. p = 0.16 atm. 
(1) Ideal quenching. (2) Super-ideal quenching. (3) Upper limit of super-ideal quenching. 


expressed as 


X xili(T) 


AW, = << 
A XCO? + XCO 


— Ico, (T = 300K). (5.7.2) 


In this relation, x;(p, T) = n;/n is the quasi-equilibrium relative concen- 
tration of “i” component of the mixture, I;(T) is the total enthalpy of the 
component. If B is the number of CO-molecules produced from one initial 
CO -molecule taking into account quenching, then the total energy efficiency 
of the quasi-equilibrium plasma-chemical process can be given as 


AHco, 
= ——__— 5.7.3 
* (AWoo,/B) a) 


The conversion is equal to B? = xco/ (xco, + xco) in the case of ideal 
quenching, which leads to the final expression of energy efficiency 


= AHco,xco 
> xili(T) — (co, + xco)Ico, (T = 300K)’ 


n (5.7.4) 


The energy efficiency of CO2-dissociation in plasma with ideal quenching 
is presented in Figure 5.27. Maximum energy efficiency 50% is reached at T = 
2900 K. The energy cost of CO-production in quasi-equilibrium CO? plasma 
is shown in Figure 5.28 as a function of the cooling rate (Polak et al., 1977). 
High cooling rate of 10° K/s is required for the ideal quenching. 
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FIGURE 5.28 

Dependence of energy efficiency and energy cost of CO2 thermal dissociation on heating 
temperature at p = 1 atm and different quenching rates. (1) 10° K/s, (2) 10’ K/s, (3) 10°K/s, 
(4) 10? K/s, (5) instantaneous cooling. 


5.7.3 Nonequilibrium Effects during Product Cooling, Super-Ideal 
Quenching 


Vibrational-translational nonequilibrium effects during cooling can pro- 
vide additional conversion. In CO? dissociation, this effect of super-ideal 
quenching is related to shifting equilibrium of the reaction: 


O+CO, = CO+0, AH=0.34eV. (5.7.5) 


This direct endothermic reaction of CO-formation can be effectively stim- 
ulated by vibrational excitation of CO 2-molecules, and not balanced by 
reverse exothermic reaction at Ty > To. The energy efficiency of the thermal 
CO>-dissociation with super-ideal quenching can be found in this case as 


_ AHco, xco +Xo 
AWco, xco, + Xco 

TE AHco, 
AWco, 


j if XCO, > XO, (5.7.6) 


y; if XCO, < XO. (5.7.7) 


The energy efficiency of super-ideal quenching n(T) as a function of tem- 
perature is shown in Figure 5.27. The maximum efficiency n = 64% is reached 
at temperature in the hot zone about T = 3000 K. This efficiency is 14% higher 
than the maximum one for ideal quenching (but still much less than that of 
the pure nonequilibrium process, see Figure 5.25). Detailed analysis of the 
super-ideal quenching under different conditions can be found in Potapkin 
et al. (1984). 
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FIGURE 5.29 
Equilibrium composition for H20 thermal decomposition: (1) O2, (2) O, (3) OH, (4) H9, (5) H20, 
(6) H. 


5.7.4 Mechanisms of Absolute and Ideal Quenching for H2O-Dissociation 
in Thermal Plasma 


Composition of the H2O-dissociation products in thermal plasma is presented 
in Figure 5.29 as a function of temperature. The main products of the plasma- 
chemical process under consideration 


1 
H20 > H? + 702 AHy,0 = 2.6eV (5.7.8) 


are the saturated molecules H> and O3. In contrast to the case of CO2, thermal 
dissociation of water vapor results in a variety of atoms and radicals. As seen 
from Figure 5.29, concentrations of O, H, and OH are significant in this process. 
Even when H3 and QO} initially formed in the high temperature zone are saved 
from reverse reactions, the active species O, H, and OH can be converted 
either into products (Hz and O2) or back into H20. This qualitatively different 
behavior of radicals determines the key difference between the absolute and 
ideal mechanisms of quenching. In the case of the absolute quenching, when 
the active species are converted back to H20, the energy efficiency of the 
process (Equation 5.7.8) of hydrogen production is 


AHH,0 


= —___ 2, 5.7.9 
(AW,0/B}9) ( ) 


n 
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Here pe, (T) is conversion of water into hydrogen. In other words Bh, (T) is 
the number of hydrogen molecules formed in the quasi-equilibrium phase 
calculated per one initial HyO-molecule: 


Bo = XH) 
H2 XH,O + xo + 2x0, + XOH 


(5.7.10) 


The discharge energy input per one initial H2O-molecule to heat the disso- 
ciating water at constant pressure to temperature T can be expressed similarly 
to Equation 5.7.2 as 


X xil;(T) 


AW] = 
a XH,O + XO + 2x0, + XOH 


Imo(T = 300K). (5.7.11) 


Based on Equations 5.7.9 through 5.7.11, the formula for the energy effi- 
ciency of dissociating water and hydrogen production in thermal plasma 
with absolute quenching can be presented as 


_ AHp,0oxH, 
> xili(T) — (Œm o + xo + 2x0, + Xon)IH,0(T = 300K)’ 


n (5.7.12) 


The energy efficiency of the thermal water dissociation in case of ideal 
quenching can be calculated in a similar way, taking into account the addi- 
tional conversion of active species, H, OH, and O into product of the process 
(H2 and O2): 


X xili(T) XH,O + xo + 2x0, + XOH 
n = AHp,o I 
XH, + 1/2 (xH + xop) XH, + 3 (XH + XOH) 
=] 
x Imo(T = 300 ©] l (5.7.13) 


The energy efficiencies of water dissociation in thermal plasma for absolute 
and ideal quenching are presented in Figure 5.30. From the figure, it is seen 
that complete usage of atoms and radicals to form products (ideal quenching) 
permit increasing the energy efficiency by almost a factor of two. 


5.7.5 Effect of Cooling Rate on Quenching Efficiency: Super-Ideal 
Quenching of H20-Dissociation Products 


The slow cooling shifts the equilibrium between direct and reverse reactions 
in the exothermic direction of destruction of molecular hydrogen: 


O +H > OH +H, (5.7.14) 
OH + H: > H2O + H. (5.7.15) 
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FIGURE 5.30 
Energy efficiency of H2O thermal dissociation as function of heating temperature. p = 0.05 atm. 


The following three-body recombination leads to formation of water 
molecules: 


H + OH +M > H20 +M, (5.7.16) 


and its reaction rate coefficient is about 30 times larger than the rate coeffi- 
cient of the alternative three-body recombination with formation of molecular 
hydrogen: 


H+H+M > H +M. (5.7.17) 


The reactions 5.7.14 through 5.7.17 explain the destruction of hydrogen and 
the reformation of water molecules during slow cooling of the water dissoci- 
ation products. If the cooling rate is sufficiently high (>107 K/s), the reactions 
of O and OH with saturated molecules very soon become less effective. This 
provides conditions for absolute quenching. Instead of participating in pro- 
cesses (Equations 5.7.14 and 5.7.15), the active species OH and O react to form 
mostly atomic hydrogen: 


OH + OH > O +H20, (5.7.18) 
O+0OH > O; +H. (5.7.19) 


The atomic hydrogen (being in excess with respect to OH) recombines in 
molecular form (Equation 5.7.17), providing at higher cooling rates (>2 x 
10’ K/s) the additional conversion of radicals into the stable process products. 
This means that the super-absolute (almost ideal, see Figure 5.30) quench- 
ing can be achieved at these cooling rates. Energy efficiency of thermal 
water dissociation and hydrogen production as a function of the cooling rate 
is presented in Figure 5.31 (Givotov et al., 1983). Vibrational-translational 
nonequilibrium during fast cooling of the water dissociation products can 
lead to the super-ideal quenching effect in a similar way as was described 
in Section 5.7.3 regarding CO2-dissoication. The super-ideal quenching effect 
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FIGURE 5.31 
Energy efficiency of H2O thermal dissociation as a function of quenching rate. Heating tem- 
perature 2800 K, p = 0.05 atm. (1) Vibrational nonequilibrium. (2) Vibrational-translational 
equilibrium. 


can be related in this case to the shift of quasi-equilibrium (at Ty > To) of the 
reactions: 


H+H,O0 & H)+OH, AH =0.6eV. (5.7.20) 


The direct endothermic reaction of hydrogen production is stimulated here 
by vibrational excitation, while the reverse reaction stays relatively slow. The 
energy efficiency of water dissociation in such nonequilibrium quenching 
conditions i presented in Figure 5.31 as a function of cooling rate (Givotov et 
al., 1984). From this figure, the super-ideal quenching of the water dissociation 
products requires cooling rates exceeding 5 x 10” K/s and provides energy 
efficiency up to approximately 45%. 


5.7.6 Mass and Energy Transfer Equations in Multicomponent 
Quasi-Equilibrium Plasma-Chemical Systems 


To analyze the influence of transfer phenomena on the energy efficiency of 
plasma-chemical processes begin with some general aspects of mass and 
energy transfer. The conservation equations, describing enthalpy (I) and mass 
transfer in multicomponent (number of component N) quasi-equilibrium 
reacting gas, are similar in thermal plasma and combustion systems and can 
be presented (Frank-Kamenetsky, 1971; Williams, 1985) as 


e Conservation equation for total enthalpy: 
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d 
are New ee > Vode (5.7.21) 


= -V9 
p 1+ 
a=1 


e Continuity equation for chemical components: 


dYa 


p-p = TV (PYaða) + wa: (5.7.22) 


The thermal flux q in Equation 5.7.21 neglecting radiation heat transfer can 
be expressed as 
N 
G@=—-dVT + pY la Yaða- (5.7.23) 
a=1 


The diffusion velocity 0 for a-chemical component can be found from the 
following relation: 


N N 
XaXB 5 3 V > > 
VXa = oat Gp — Vy) + (Ya — XE + p Ya Yb lfa — fp) + 
Dap p pP 


a B=1 


N 
a [= 1 (2m Pre) VT (5.7.24) 
ram Dag p Yg Ya T 


N 
In the above relations: I = )° Yala is the total enthalpy per unit mass of the 


a=1 

mixture including the enthalpy of formation; Ij, is the tensor of viscosity; 
fa is external force per unit mass of the component a; œa is the rate of mass 
change of the component « per unit volume as a result of chemical reactions; 
x, Dog, Dro are the coefficients of thermal conductivity, binary diffusion and 
thermo-diffusion respectively; x. = na/n, Ya = Pa/p are the molar and mass 
fractions of the component a; v; is the ith component of hydro-dynamic veloc- 
ity; p is the pressure of the gas mixture. To simplify, Equations 5.7.21 through 
5.7.24 neglect the total enthalpy change due to viscosity, assume the forces 
h the same for all components, and take the binary diffusion coefficients as 
Dag = D(1 + bap), dap < 1. After such simplification, Equations 5.7.21 through 
5.7.24 describing the energy and mass transfer, can be rewritten as 


(5.7.25) 


N N 


= z (1 — Le) X` luDpaV In Ya +Y paled§t+ X Palag, (5.7.26) 
a=1 a=1 


da = -DV In Ya +Ë +38, (5.7.27) 


al 
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plus ah continuity Equation 5.7.22. Le = 4/pcpD is the Lewis number, and 


Cp = 2 Yaðla/ƏT is the specific heat of the unit mass. The component of 
diffusion velocity in the Equations 5.7.26 and 5.7.27 


N > = 
5 Fs È 
=D Yg (3 = :) (5.7.28) 


is related to baro- and thermo-diffusion. Another component of the diffusion 
velocity in Equations 5.7.26 and 5.7.27 


of = Yt sE — 3) + 5 Y, 2 Spy Gy? — 3) (5.7.29) 
y=1 p=1 


is related to the difference in the binary diffusion coefficients. The a- 
component force in Equation 5.7.28 and the a-component velocities in 
Equation 5.7.29 are given by the expressions: 


B XaXy (Dry _ Dra) VT 

Fy = Ya E È a (= 7 ) T (5.7.30) 
N 5 > 

a F F 

gO = —DVInY,+ Dy. Ye (3 = fs) (5.7.31) 
B21 xB Xa 


5.7.7 Influence of Transfer Phenomena on Energy Efficiency 
of Plasma-Chemical Processes 


Based on these energy and mass transfer equations, first establish the impor- 
tant rule. The transfer phenomena do not change the limits of energy 
efficiency of thermal plasma-chemical processes (which are absolute and ideal 
quenching) if the following two requirements are satisfied: 


1. The binary diffusion coefficients are fixed, equal to each other and 
equal to the reduced coefficient of thermal conductivity (the Lewis 
number Le = 1, 8g = 0). 

2. The effective pressure in the system is constant implying the absence 
of external forces and large velocity gradients. Taking into account 
the above conditions, rewrite the enthalpy balance equation 5.7.25 
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and the continuity equation 5.7.22 for the steady-state 1D case as 


a a a 

I= D—I}J, 5.7.32 

ps əx əx (c ox ) ( 
a a a 

pv ax Xt Ne (oo T Ya) + Wy. (5.7.33) 


Introduce new dimensionless functions describing reduced enthalpy and 
reduced mass fractions: 


I-I Ya- Y! 
g= , V=——4, (5.7.34) 
pet yl — yt 


where Yl, Iland Y£, I" are the mass fractions and enthalpy respectively on the 
left (1) and right (r) boundaries of the region under consideration. With these 
new functions the enthalpy conservation (Equation 5.7.32) and continuity 
(Equation 5.7.33) equations can be rewritten as 


0 ð ð 
gue ese (5.7.35) 
ox Ox ax 
Na = a ana 1 r 
pos = PDTT + wala — Y3). (5.7.36) 


The boundary conditions for these equations on the left and right sides of 
the region are 


E(x =x) = n(x =x)=1, and E(x = xr) = n(x = xg) = 0. (5.7.37) 


Chemical reactions (wą in the continuity equation 5.7.36) during the 
diffusion process can increase or decrease concentration of the reacting com- 
ponents. However, considering the endothermic processes (which is usually 
the case in thermal plasma), chemical reactions only decrease the concentra- 
tion of products. To determine the maximum yield of the products, neglect 
the reaction rate during diffusion, assuming w, = 0 in the continuity equa- 
tion 5.7.36. In this case, equations and boundary conditions for ņ and & 
are completely identical, which means they are equal and gradients of 
total enthalpy I and mass fraction Yy are related by the formula (Potapkin 
et al., 1985): 


0 ð 
1 t\—1 1 r\—1 

— = = — =f YA 
v= Ys Ye= O-PS (5.7.38) 


322 Plasma Physics and Engineering 


From Equation 5.7.38 it can be concluded that the minimum ratio of the 
enthalpy flux to the flux of products, taking into account effect of chemical 
reactions, is equal to 


par 
A= —. (5.7.39) 
Ya sa Ya 


The ratio (Equation 5.7.39) gives the energy price of the process product 
and completely correlates with the expressions for energy efficiency of quasi- 
equilibrium plasma-chemical processes considered in Sections 5.7.1, 5.7.2, 
and 5.7.4. In absence of external forces and when the diffusion and reduced 
thermal conductivity coefficients are equal (the Lewis number Le = 1) the 
minimum energy cost of products of plasma-chemical reaction is deter- 
mined by the product formation in the quasi-equilibrium high temperature 
zone. This minimum energy cost (maximum energy efficiency) corresponds 
to the limits of absolute and ideal quenching and taking into account the 
nonuniformity of heating, it can be calculated as 


JyDUT) = Ip] dT 
A — 
se Ty) aT 


(5.7.40) 


Here, y(T) is the mass fraction of initial substance heated to temperature 
T; I(T) and Ip are the total enthalpy of the mixture at temperature T and ini- 
tial temperature, respectively; x(T) is the degree of conversion of the initial 
substance (for ideal quenching) or degree of conversion into final product 
(for absolute quenching), achieved in the high temperature zone. The possi- 
bility of using the thermodynamic relation (Equation 5.7.40) for calculating 
the energy cost of chemical reactions in thermal plasma under conditions 
of intense heat and mass transfer is a consequence of the similarity princi- 
ple of concentrations and temperature fields. This principle is valid at the 
Lewis number Le = 1 in absence of external forces, and is widely applied 
in combustion theory (Frank-Kamenetsky, 1971; Williams, 1985). If the Lewis 
number differs from unity (Le = /pcyD 4 1), the maximum energy efficiency 
can be different from that of the ideal quenching. If light and fast hydrogen 
atoms are products of dissociation, then the correspondent Lewis number 
is relatively small (Le « 1). In this case, the diffusion of products is faster 
than the transfer of energy, and energy cost of the products can be less with 
respect to ideal quenching (Equation 5.7.40). The statistical approach (tak- 
ing into account kinetic and transfer process limitations) was applied in the 
book of Nester et al. (1988) to analyze products composition, degree of con- 
version and energy efficiency of 156 endothermic plasma processes. Some 
examples of thermal plasma processes, described this way are presented in 
Figures 5.32 through 5.38. 
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FIGURE 5.32 


Thermal reaction in mixture S + CO3. (a) (1) CO7, (2) S2, (3) S, (4) CO, (5) SOz, (6) SO. (b) Energy 
price of CO formation. (1) Ideal quenching. (2) Super-ideal quenching. (3) Process stimulated by 
CO; vibrational excitation. Experiments with sulfur vapor (8), with sulfur powder (+). 
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Thermal reaction in mixture C + HO. (a) (1) CO7, (2) CH3, (3) H, (4) C (solid), (5) H20, (6) H2, 
(7) CO. (b) Energy price of CO/H} formation: (1) Absolute quenching. (2) Ideal quenching. 
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Thermal reaction in mixture CH4 + H20. Gas phase composition. (a) (1) H2O, (2) CH3, (3) CO, 
(4) H2/10, (5) CO2. (b) Energy price of CO/H» formation: (1) Absolute quenching. (2) Ideal 
quenching. 


5.8 Surface Reactions of Plasma-Excited Molecules 
in Chemistry, Metallurgy, and Bio-Medicine 


5.8.1 Surface Relaxation of Excited Molecules, Nonequilibrium Surface 
Heating and Evaporation in Nonthermal Discharges 


From a variety of surface reactions of excited molecules, the most general 
is their relaxation (see Table 3.15). If molecular plasma is characterized by 
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Thermal dissociation of CH4. (a) (1) Hp, (2) C (solid), (3) H, (4) C, (5) C2H2. (b) Energy price of 
C2H3 formation: (1) Absolute quenching A/10. (2) Ideal quenching. 


vibrationalHtranslational nonequilibrium (Te > Ty >> To), the surface tem- 
perature (Ts) can significantly exceed the translational gas temperature (To), 
because surface VT-relaxation is much faster than that in the gas phase. This 
overheating (Te > Ty > Ts >> To) can be accompanied by surface evapora- 
tion, desorption of chemisorbed complexes, and passivating layers. It is called 
the nonequilibrium surface heating and evaporation effect. This effect can be 
significant for plasma interaction with powders and flat surfaces, especially 
in plasma metallurgy. The preferential macro-particles surface heating with- 
out essential gas heating becomes possible in molecular gases, when the total 
surface area of the macro-particles is so high that vibrational VT-relaxation 
on the surface dominates over VT-relaxation in plasma volume: 


kytno 
ps 


2 
4nrjna > ; 
VTT 


(5.8.1) 


In this relation, na and rą are the density and radius of macro-particles; 
kyr(To) is the rate coefficient of gas phase vibrational VT-relaxation; no is 
the gas density; vr is the thermal velocity of molecules; P$., is the proba- 
bility of vibrational VT-relaxation on the macro-particle surface, called the 
accommodation coefficient. We can take for a numerical example the fol- 
lowing parameters: Pe =3 x 1073; kyt = 1071 cm3/s; ng =3x 109cm, 
vr = 10° cm/s. In this case, according to Equation 5.8.1, the nonequilibrium 
heating requires: nar? > 0.1 cm~!. Vibrational energy accumulated in gas 
is sufficient to evaporate a surface layer of the macro-particles with depth 
fs < Ta, if the total volume fraction of the macro-particles is small: 


noTy 


3 
Nar. << ———____.. 
aa = (Ts + rsek/ra) 


(5.8.2) 
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FIGURE 5.36 

Thermal reaction in mixture HS + CO3. (a) (1) CO2, (2) H20, (3) H, (4) CO, (5) S, (6) 
O, (7) SO, (8) Hz, (9) OH, (10) O2, (11) HS, (12) SO», (13) COS, (14) S2, (15) H2S. (b) 
Energy price of CO/H formation: (1) Absolute quenching, (2) absolute quenching with 


respect to atomic sulfur, (3) ideal quenching, (4) ideal quenching with respect to atomic 
sulfur. 
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Thermal decomposition of ZrÂI4. (a) (1) ZrI4, (2) Zr (condensed phase), (3) 1/10, (4) Zr. (b) Energy 
price of Zr formation. 


Here, Ty is the vibrational temperature; ng is number density of atoms in 
a macro-particle; e% is the energy required for evaporation of an atom. If the 
thickness of the reduced layer is relatively low: 


T 
ís < ra (5.8.3) 


then the major portion of vibrational energy input in Equation 5.8.2 is related 
to heating up of the macro-particles to temperature Ts. Numerically in this 
case, the limitation (Equation 5.8.2) means nar? < 1073, for the conventional 
conditions: no = 3 x 101° cm~3, ng = 3 x 10%cm~3, Ty = 0.3 eV, Ts = 0.3 eV. 
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Thermal dissociation of UF¢. (a) (1) UF¢, (2) UFs, (3) UF, (4) UF3, (5) UF, (6) UF , (7) UE (8) 
UFT, (9) F/10, (10) UF, (11) U. (b) Energy price of formation of an uranium atom. (1) Absolute 
quenching, (2) ideal quenching—formation of UF; from UF4, (3) ideal quenching—formation of 
UF, from UFs, (4) ideal quenching—formation of UF; from UF¢, (5) ideal quenching. 
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5.8.2 Surface Reactions of Excited Hydrogen Molecules in the Formation 
of Hydrids by Gasification of Elements and Thin-Film Processing 
in Nonthermal Plasma 


Among a variety of surface reactions of plasma-excited molecules in chemistry 
and electronics, first consider gasification of silicon, germanium, and boron 
by vibrationally excited hydrogen with the direct production of hydrides: 


(Si)soia + Hj (X" ET, v) > GiHa)gas- (5.8.4) 
(Ge) soiia + H3 (X1 EF, v) > (GeHa)gas- (5.8.5) 
(B)sotid + 1.5 x H3(X E$, v) —> 0.5 x (B2H6)gas- (5.8.6) 


Gasification stimulated by nonthermal plasma excitation and subsequent 
dissociation of Hz was also observed in experiments with production 
of hydrides of sulfur, arsenic, tin, tellurium, and selenium. Mechanism of 
hydrides production includes in this case surface dissociation of excited 
hydrogen molecules, chemisorption of atomic hydrogen, surface reac- 
tions, and desorption of produced volatile hydrides. Nonthermal plasma- 
stimulated synthesis of metal hydrides can also take place in thin surface 
films, which can be exemplified by the synthesis of aluminum hydride AlH3 
from the elements: 


(Al)sotid + 1.5 x H3(X* 2,0) > (Al)sotia + 3H > (AlH3)solia (5.8.7) 


This process proceeds through the intermediate formation of atomic hydro- 
gen but requires low temperatures, because AlH3 is stable only at tem- 
peratures below 400 K. The formation of atomic hydrogen stimulated by 
vibrational excitation takes place mostly on the surface of aluminum where it 
requires only about 2 eV/mol. Gradual hydrogenation of aluminum in a thin 
film is determined by competition between solid state reactions of hydrogen 
attachment and hydrogen exchange: 


H+ AIH; > AlHiwi, k=0, 1,2. (5.8.8) 
H + AIH, > AlH;—ı +H, k=1, 2, 3. (5.8.9) 


The average quasi-stationary concentration of AlH3 in the film can be 
estimated as 


y © 1 —exp(—E,/Tp). (5.8.10) 


E, is activation barrier of Equation 5.8.9; To is solid state temperature. Forma- 
tion of the hydrides occurs in a layer whose thickness is determined by losses 
of atomic hydrogen in solid state recombination: 


H + H + AIH; > H; + AlH;, (5.8.11) 
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as well as in reactions (Equations 5.8.8 and 5.8.9). The depth 8; of these reac- 
tions can be found from the 1D diffusion equation for H atoms density [H] in 
solid matrix of aluminum during the synthesis: 


a? 2 
Dis lH — vo exp(—E,/To) = 0. (5.8.12) 
Here, Dy is the coefficient of diffusion of H atoms in a crystal structure; vo is 
the “jumping” frequency. The depth 8, of synthesis of the aluminum hydride 
can be then found as 


E, — ED 
81 © d,/f exp Th (5.8.13) 


5.8.3 Effect of Vibrational Excitation of CO Molecules on Direct Surface 
Synthesis of Metal Carbonyls in Nonthermal Plasma 


Metal carbonyls can be directly produced by reactions with CO molecules 
excited in nonthermal plasma. It is especially important in metallurgy for 
synthesis of carbonyls of chromium, molybdenum, manganese, and tungsten, 
which cannot be produced without solvents: 


(Cr) solid + 6(CO)gas => [Cr(CO)6]gas- (5.8.14) 

(Mo) solid + 6(CO) gas =? [Mo(CO)6lgas- (5.8.15) 
1 

(Mn)solid + 5(CO) gas = 5 [Mn2(CO)10]gas- (5.8.16) 

(W)solia + 6(CO)gas => [W(CO)6]gas. (5.8.17) 


The gaseous metal carbonyls are unstable at temperatures exceeding 600 K, 
which leads to restrictions in performing of nonthermal discharges. Mecha- 
nism for plasma-chemical formation of metal carbonyls can be considered tak- 
ing as an example the synthesis of Cr(CO)¢ (Equation 5.8.14) from chromium 
and CO vibrationally excited in a nonthermal discharge. The process includes 
the following four stages: 


1. Chemisorption of plasma-excited CO molecules on a chromium 
surface: 


(Cr)solid + k(CO)g < CrlkCO] chemisorbed: (5.8.18) 
The chromium crystal structure is characterized by a cubic lattice 


with valence 6 and coordination number 8. Each Cr surface atom is 
able to attach k < 3 carbonyl groups without destruction of the lattice. 
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2. Formation of higher carbonyls (k > 3) requires taking a chromium 
atom with attached CO-groups from the crystal lattice to a 
chemisorbed state: 


Cr[mCO]chemisorbed + (Cr)solia CO 4 Crl[Cr(CO) 41 chemisorbed: 
(5.8.19) 


The characteristic time of taking out the chromium atom from the 
crystal lattice tj) to form the chemisorbed carbonyl complex (Ty > 
To) can be estimated as 


1 Eto 
x — =). 8.2 
Tio ~ -p exp (72) (5.8.20) 


Here, Et is the activation barrier of Equation 5.8.19; ® is the flux 
of CO molecules to the surface; a is the surface area of a chemisorbed 
complex; Ty is vibrational temperature of CO. The dissociation 
kinetics of the chemisorbed complex Cr[Cr(CO)jn+41]chemisorbed iS 
determined by the surface temperature Ts. 

3. Formation of chromium hexa-carbonyl Cr(CO)¢ adsorbed on the sur- 
face) takes place in the surface reactions of intermediate chemisorbed 
chromium carbonyl complexes: 


Cr[Cr(CO)j]chemisorbed + (6 — [)Cr[CO] chemisorbed 
<=> Cr[Cr(CO)6ladsorbed- (5.8.21) 


The characteristic time of the surface reactions with activation 


barriers E,) is 
Qnhbo Ezi 
x ~). 5.8.22 
eS” TACO] E ( Ts ( 


Here, bo is the reverse adsorption coefficient at the surface coverage 
g = 05. 
4. The final stage is desorption of volatile chromium hexa-carbonyl 
Cr(CO)¢ into gas phase: 


Cr[Cr(CO)6ladsorbed > (Cr)solid + [Cr(CO6)]gas. (5.8.23) 
In the case of Ty >> To, the desorption rate can be calculated as 


@ gdes gdes 
Wdes © § [st exp (- Ts T ® exp (- T )| = Ekges(Tv, Ts). 
v 


(5.8.24) 
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Here, £ is the surface fraction covered by complexes; œz is the characteris- 
tic lattice frequency; E¢°s is the activation energy of the desorption process; 
Kdes(Tv, Ts) is the desorption rate coefficient. 


5.8.4 Reactions of Plasma-Generated Singlet Oxygen and Other Reactive 
Oxygen Species on Bioactive Surfaces 


Atmospheric pressure cold air plasma effectively generates reactive oxygen 
species (ROS), including singlet oxygen O7('Ag), superoxide O7, OH, and 
peroxides, which significantly affect various types of living tissues, stimulat- 
ing sterilization (deactivation) of bacteria, viruses, cell apoptosis, as well as 
cell migration, cell proliferation, signaling, release of growth factors, and so 
on. The superoxide, which is an important ROS generated in the direct plasma 
discharges, is a precursor to additional production of singlet oxygen and per- 
oxynitrite in the tissues. O, also acts as a signaling molecule for regulation 
of cellular processes. In tissues with sufficient level of acidity, the superox- 
ide is converted into hydrogen peroxide and oxygen in a reaction called the 
superoxide dismutation: 


20; + 2H* > H207 + Op. (5.8.25) 


The superoxide dismutation can be spontaneous or can be catalyzed by 
the enzyme superoxide dismutase (SOD). The superoxide not only gen- 
erates hydrogen peroxide (H202) but also stimulates its conversion into 
OH-radicals, which are actually extremely strong oxidizers, very effective 
in sterilization through an oxidation chain mechanism. The H202 conversion 
into OH known as the Fenton reaction proceeds as a redox process provided 
by oxidation of a metal ions (e.g., Fe?*): 


H20, + Fe?t — OH + OHT + Fe*+. (5.8.26) 


Restoration of the Fe**+ ions takes place in the Fe*+reduction process 
provided by O; : 


Fe?+ + Oy > Fe?+ + Oo. (5.8.27) 
Superoxide can also react in water with nitric oxide NO (usually generated 


in plasma at higher temperatures) producing peroxynitrate (OONO7 ), which 
is another highly reactive oxidizing ion-radical: 


O; + NO —> OONO-. (5.8.28) 
The discussed ROS reactions occurring on the surface of living tissues in 


contact with nonthermal discharges play significant role in plasma medicine 
(Fridman, 2008). 
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PROBLEMS AND CONCEPT QUESTIONS 


1. Diffusion of molecules along the vibrational energy spectrum. Consider- 
ing VV-exchange with frequency kyyng as diffusion of molecules 
along the vibrational energy spectrum, estimate the time for a 
molecule to get the vibrational energy, corresponding to the Treanor 
minimum point Etr- 

2. (C) VT-relaxation flux in the energy space. The kinetic equation 5.1.7 
is often used to describe the vibrational distribution at low tem- 
peratures (To < hw), when criterion (Equation 5.1.6) is not valid. 
Analyze the steady-state solution of the Equation 5.1.7 in this case, 
and explain the contradiction. 

3. The Treanor distribution function and criterion of the Fokker—Planck 
approach. Using criterion (Equation 5.1.6), determine the conditions 
for application of the Fokker-Planck approach to the case of the 
Treanor vibrational distribution function. 

4. Flux of molecules and flux of quanta along the vibrational energy spec- 
trum. Prove that the flux of molecules along the vibrational energy 
spectrum is equal to the derivative 0/dv of the flux of quanta in 
the energy space. Based on this explain why the constant F in the 
kinetic equation 5.1.20 is proportional to the flux of quanta in the 
energy space. Find the coefficient of proportionality between them. 

5. The hyperbolic plateau distribution. Derive the relation between the 
plateau coefficient C (Equation 5.1.22) and the degree of ionization 
in nonthermal plasma ne/ng. Compare the result with the plateau 
distribution (Equation 5.1.24) to find a relation between vibrational 
temperature and the degree of ionization. 

6. (C) Vibrational distribution functions in the strong and intermediate exci- 
tation regimes. Compare numerically the criterions of the strong 
excitation (SyyTy > 1) and intermediate excitation (vers /Tohw > 
1). Which one requires the larger value of vibrational temperature 
at different Ty? 

7. The Gordiets vibrational distribution function. Compare the discrete 
Gordiets vibrational distribution with the continuous distribution 
function (Equation 5.1.29). Analyze the decrease of the vibra- 
tional distribution at high vibrational energies in the case of low 
translational temperatures Tg < hw. 

8. The eV-flux along the vibrational energy spectrum. Prove that one- 
quantum (Equation 5.2.2) and integral multiquantum (Equa- 
tion 5.2.4) eV-fluxes in the energy space become equal to zero if the 
vibrational distribution is the Boltzmann function with temperature 
Te: f (E) x exp(—E/Te). 

9. The eV-processes at intermediate ionization degrees. The vibrational 
distribution for this case is f (E) = p(E) (Equation 5.2.11) at the 
weak excitation regime and Ty > hw/a. Using more general equa- 
tion 5.2.10, estimate the relevant vibrational distribution at higher 
vibrational temperatures Ty < hw/a. 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


The Treanor effect for polyatomic molecules. Explain how the Treanor 
effect, which is especially related to the discrete anharmonic struc- 
ture of vibrational levels, can be achieved in polyatomic molecules 
in the quasi-continuum of vibrational states where there are no 
discrete structure of the levels. 

The Treanor—Boltzmann transition in vibrational distributions of 
polyatomic molecules. Explain why the transition from the Treanor 
or Boltzmann distribution with temperature Ty (at low energies) to 
the Boltzmann distribution with To (at high energies) takes place in 
polyatomic molecules at lower vibrational levels than in the case of 
diatomic molecules for the same transition. 

Non-steady-state vibrational distribution function. Using the approx- 
imation (Equation 5.2.23), estimate the evolution of the average 
vibrational energy during the early stages of the VV-exchange pro- 
cess stimulated by the electron impact excitation of the lowest 
vibrational levels. 

Reactions of vibrationally excited molecules, fast reaction limit. Calcu- 
late integral (Equation 5.3.10), neglecting VT-relaxation (&(E) « 1). 
Determine the reaction rate of the chemical process stimulated by 
vibrational excitation and limited by VV-relaxation to reach the 
activation energy. 

Reactions of vibrationally excited molecules, slow reactions limit. 
Equation 5.3.12 describes the reaction rates of excited molecules 
nonsymmetric with respect to the contribution of vibrational and 
translational degrees of freedom: vibrationally excited molecules 
have activation energy Ea /a, while other degrees of freedom have 
the activation energy Ea. Does this mean that the vibrational energy 
is less effective than translational energy? Surely not. Explain the 
“contradiction.” 

Reactions of vibrationally excited polyatomic molecules. The rate coeffi- 
cient of the polyatomic molecule reactions (Equation 5.3.19) can be 
presented over a narrow range of vibrational temperatures in the 
simple Arrhenius manner kga x exp(—Ea/Ty). Determine the 
effective activation energy in this case as a function of vibrational 
temperature Ty and number of degrees of freedom “s.” 
Macrokinetics of reactions of two vibrationally excited molecules. Show 
for the case of the Treanor distribution that the main contribution 
into the rate of reaction of two vibrationally excited molecules E’ + 
E" = Ea is made by collisions when the entire energy is located on 
one molecule. 

Vibrational energy losses due to VT-relaxation from high levels. Estimate 
the VT-losses from high vibrational levels per one act of chemi- 
cal reaction in the regime of strong excitation when the reaction is 
controlled by the resonant VV-exchange. Compare the result with 
Equation 5.3.30. 

Contribution of high and low levels in the total rate of VT-relaxation. 
Contribution of high and low vibrational levels in VT-relaxation 
depends on the degree of ionization. Estimate the maximum degree 
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of ionization when the total VT-relaxation rate is controlled by the 
low excitation levels. 

19. Vibrational energy losses due to nonresonant VV-exchange. Deriva- 
tion of Equation 5.3.31 for calculating the VV-exchange vibrational 
energy losses assumed predominantly nonresonant VV-relaxation. 
However, this relation is correct for any kind of one-quantum VV- 
exchange. Derive Equation 5.3.31 in a general way comparing the 
starting “big quantum” after excitation by electron impact and the 
final “smaller one” after series of one-quantum exchange processes. 

20. VV- and VT-losses of vibrational energy of highly excited molecules. 
Calculate the ratio of the vibrational energy losses related to 
VT-relaxation of highly excited diatomic molecules to the corre- 
spondent losses during the series of the one-quantum VV-relaxation 
process, which provided the formation of the highly excited 
molecule. What is the theoretically minimum value of the ratio? 
At which vibrational quantum number these losses are equal? 

21. Vibrational energy losses related to double-quantum VV-exchange. Esti- 
mate the vibrational energy losses related to VV-exchange per 
one act of plasma chemical dissociation of a diatomic molecule 
stimulated by vibrational excitation. Assume domination of the 
one-quantum VV-relaxation at lower vibrational levels until the 
double quantum resonance becomes possible (assume no VV-losses 
at higher vibrational energies). 

22. Treanor formula for isotopic mixtures. Based on the Treanor for- 
mula (5.4.9) and assuming an isotopic mixture Aw/w = 1/2Am/m, 
estimate the difference in vibrational temperatures of nitrogen 
molecules-isotopes at room temperature and Ty ~ 3000 K. 

23. Isotopic effects in vibrational kinetics and in conventional quasi- 
equilibrium kinetics. Demonstrate that the isotopic effect in vibra- 
tional kinetics is usually stronger than the conventional one. Com- 
pare the selectivity coefficients for these two isotopic effects. Is it 
possible for these two isotopic effects to take place together and to 
compensate each other? Give a numerical example. 

24. Coefficient of selectivity for separation of heavy isotopes. Based on Equa- 
tion 5.4.11 and Figure 5.4.2, estimate the level of the selectivity 
coefficient for separation of uranium isotopes, assuming a chem- 
ical process with UF, at room temperature. Assume the activation 
energy of about 5 eV. 

25. Reverse isotopic effect in vibrational kinetics. For the hydrogen-isotope 
separation (H2-HD) plasma chemical process stimulated by vibra- 
tional excitation at room temperature find: (a) the typical value of 
the selectivity coefficient for the conventional direct isotopic effect 
in vibrational kinetics (Ea = 2 eV), (b) the typical value of the selec- 
tivity coefficient for the reverse isotopic effect, and (c) the relative 
temperature interval necessary for achievement of the reverse effect. 

26. Effect of eV-processes on isotope separation in plasma. Based on Equa- 
tion 5.4.19 estimate the maximum selectivity coefficient determined 
by the influence of eV-processes in the hydrogen-isotope mixture 
(H2-HD) at room temperature. Compare the result with the typical 
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27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


values of the separation coefficient for conventional direct and 
reverse isotopic effects in nonequilibrium vibrational kinetics. 
Canonical invariance of rotational relaxation kinetics. Based on Equation 
5.5.15 prove the canonical invariance of relaxation to equilibrium 
of the initial Boltzmann distribution with rotational temperature 
exceeding the translational one. Show that the rotational distri- 
bution f (Eg, t) always maintains the same form of the Boltzmann 
distribution (Equation 5.5.18) during the relaxation to equilibrium, 
but obviously with changing values of the rotational temperature 
as it approaches the translational temperature. 

“Hot atoms” generated by fast VT-relaxation. In nonthermal plasma of 
molecular gases, (Ty >> Tg) admixture of the light alkaline atoms are 
able to establish the quasi-equilibrium with vibrational (not trans- 
lational) degrees of freedom. This can be explained by high rate of 
VT-relaxation and the large difference in masses that slows down 
the maxwellization (TT-exchange) processes. Why the same effect 
cannot be achieved with addition of relatively heavy alkaline atoms 
when the maxwellization process is also somewhat slower for the 
same reason of large differences in masses? 

Relation between translation temperature of alkaline atoms and vibrational 
temperature of molecular gas. Using Equation 5.5.21 for the transla- 
tional energy distribution function of small addition of alkaline 
atoms in a molecular gas, derive the relation between the cor- 
responding temperatures: Ty, To, TMe, which could be measured 
experimentally. Estimate the Treanor effect of the molecular gas 
anharmonicity on the relation between the temperatures. 

“Hot atoms” generated in fast endothermic plasma-chemical reactions, 
stimulated by vibrational excitation. Compare the energy of hot atoms 
generated in the fast endothermic plasma-chemical reactions in the 
cases of strong, intermediate, and weak excitation. Use Equation 
5.5.28 and assume the slow reaction limit in analyzing the type of 
the vibrational energy distribution function. 

Energy efficiency of quasi-equilibrium and nonequilibrium plasma- 
chemical processes. Explain why the energy efficiency of the 
nonequilibrium plasma-chemical process can be higher than that 
of the quasi-equilibrium process. Is it a contradiction with the 
thermodynamic principles? 

Plasma-chemical reactions controlled by dissociative attachment. For 
water molecules dissociation in plasma (Equations 5.6.2 and 5.6.3), 
determine the chain length as a function of the degree of ionization. 
Estimate the energy cost for this mechanism as a function of the 
ionization degree. 

The Treanor effect in vibrational energy transfer. Estimate, using 
the relation (Equation 5.6.8), how big should the parameter, q = 
XeT2 /Tohw, be in nitrogen plasma (Oy ~ 3 x 107°) to observe the 
Treanor effect in vibrational energy transfer (ADy © Dg). 
Stimulation of vibrational-translational nonequilibrium by the specific 
heat effect. Assuming no energy exchange between vibrational and 
other degrees of freedom, calculate temperatures Ty and To after 
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mixing 1 mole of air at room temperature with an equal amount of 
air at 1000 K. Explain and discuss difference in the temperatures. 

35. Plasma-chemical processes stimulated by vibrational excitation of 
molecules. Explain why the plasma-chemical reactions can be effec- 
tively stimulated by vibrational excitation of molecules only if the 
specific energy input exceeds the critical value, while reactions 
related to electronic excitation or dissociative attachment proceeds 
effectively at any levels of the specific energy input? 

36. Absolute and ideal quenching of products of chemical reactions in thermal 
plasma. Explain why the energy efficiencies of the absolute and ideal 
quenching of the CO? dissociation products are identical, while in 
the case of dissociation of water molecules they are significantly 
different? 

37. Super-ideal quenching effect related to vibrational-translational nonequi- 
librium. How can the vibrational-translational nonequilibrium be 
achieved during the quenching, if the degree of ionization is not 
sufficient to provide vibrational excitation faster than vibrational 
relaxation? 

38. Super-ideal quenching effects related to selectivity of transfer processes. 
Compare the conditions necessary for effective super-ideal quench- 
ing related to the following three different causes: (1) vibrational- 
translational nonequilibrium during the cooling process, (2) the 
Lewis number significantly differs from unity during separation 
and collection of products, and (3) cluster-products move relatively 
fast from the rotating high temperature discharge zone. 


6 


Electrostatics, Electrodynamics, and Fluid 
Mechanics of Plasma 


6.1 Electrostatic Plasma Phenomena: Debye Radius and 
Sheaths, Plasma Oscillations and Plasma Frequency 


6.1.1 Ideal and Nonideal Plasmas 


In most plasmas, electrons and ions move straight forward between colli- 
sions, which make them similar to ideal gas. This means that the inter-particle 
potential energy U œ e?/4ne9R, corresponding to the distance between elec- 
trons andions R © ne 1 S is much less than their relative kinetic energy (which 
is approximately temperature Te, expressed in energy units): 


6 
nee 
— K1. 6.1.1 
(4ne9)>T3 > ent) 
Plasma that satisfies this condition is called the ideal plasma. The nonideal 
plasma (corresponding to the inverse of inequality (Equation 6.1.1) and very 
high density of charged particles) is not found in nature. Even creation of 
such plasma in a laboratory is problematic. 


6.1.2 Plasma Polarization, “Screening” of Electric Charges and External 
Electric Fields: The Debye Radius in Two-Temperature Plasma 


External electric fields induce plasma polarization, which prevents penetra- 
tion of the field inside of plasma. Plasma “screens” the external electric field, 
which means this field decreases exponentially (protecting in this way the 
quasi-neutrality of plasma). Such an effect of the electrostatic “screening” of 
the electric field around a specified charged particle is illustrated in Figure 6.1. 
To describe the space evolution of the potential ọ, Poisson’s equation can be 
used 


div Ë = —Ag = <n; — ne). (6.1.2) 
0 
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Coulomb 
potential 


Shielded 
potential 


FIGURE 6.1 
Plasma polarization around a charged particle. 


Here, ne and nj are the number densities of electrons and positive ions; E 
is the electric field strength. One can assume the Boltzmann distribution for 
electrons (temperature Te) and ions (temperature Tj), and the same quasi- 
neutral plasma concentration neo for electrons and ions: 


Ne = Neo exp z% , Ni = neo exp ae : (6.1.3) 
Te Ti 


Combining the Poisson’s equation with the Boltzmann distribution (Equa- 
tion 6.1.3), results in 


KA £0 
A =>, N = A 6.1.4 
a i neoe? (1/Te + 1/T;) pan 


In this equation rp is the Debye radius, an important electrostatic plasma 
parameter (see Section 4.3.10). In the 1D case, Equation 6.1.4 becomes 
d*/d2x = ọ/ os and describes penetration of electric field (Eg on the plasma 
boundary at x = 0) along the axis “x” (x > 0) perpendicular to the plasma 
boundary: 


E= -Vo = Eo exp (-=) : (6.1.5) 
D 


In a similar manner, reduction of the electric field of a specified charge “q” 
located in plasma (see Figure 6.1) can be also described by Equation 6.1.4, but 
in spherical symmetry: 


1 d? 1 
r dr r6 


Taking into account the boundary condition, ọ = q/4meor at r > 0, the 
solution of Equation 6.1.6 again results in the exponential decrease of electric 
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potential (and electric field): 


p= — exp ( “). (6.1.7) 


E 4neo r rD 


Thus the Debye radius gives the characteristic of the plasma size neces- 
sary for screening or suppressing the external electric field. Obviously, the 
same distance is necessary to compensate the electric field of one specified 
charged particle in plasma (Figure 6.1). The same Debye radius indicates the 
scale of plasma quasi-neutrality Equation 4.4.39. There is some physical dis- 
crepancy between one- (Te) and two-temperature (Te, Ti) relations for the 
Debye radius: (Equations 4.3.39 and 6.1.4). According to Equation 6.1.4, if 
Te >> Tj, the Debye radius depends mostly on the lower (ion) temperature, 
while according to Equation 4.3.39 and to common sense it should depend on 
electron temperature. In reality, the heavy ions at low T; are unable to establish 
the quasi-equilibrium Boltzmann distribution. At Te < Tj, it is more correct 
to assume that the ions are at rest and ni = neo = const. In this case, the term 
1/T; is negligible and the Debye radius can be found from Equation 4.3.39 or, 
numerically, from Equation 4.3.40. 


6.1.3 Plasmas and Sheaths 


Not all ionized gases are plasma. Plasma is supposed to be quasi-neutral 
(Ne © ni) and provide the screening of an external electric field and the field 
around a specified charged particle. To obtain quality plasma, the typical 
size of plasma should much larger than the Debye radius. In Table 6.1 the 
characteristic parameters of some plasma systems, including comparison of 
their size and Debye radius are given. Plasma (ne © nj) interacts with a wall 
across positively charged thin layers called sheaths. The example of a sheath 
between plasma and zero-potential surfaces is illustrated in Figure 6.2. For- 
mation of the positively charged sheaths is due to the fact that electrons are 
much faster than ions, and the electron thermal velocity /Te/m is about 1000 
times faster than the thermal velocity of ions ./T;/M. The fast electrons are 


TABLE 6.1 
Debye Radius and Typical Size of Different Plasma Systems 


Type of Plasma Typical ne, cm~? Typical Te, eV Debye Radius, cm Typical Size, cm 


Earth Ionosphere 10° 0.03 0.3 10° 
Flames 108 0.2 0.03 10 
He-ne Laser 10" 3 0.003 3 
Hg-lamp 1014 4 3 x 1075 0.3 
Solar chromosphere 10° 10 0.03 10° 


Lightning 1017 3 3 x 1076 100 
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FIGURE 6.2 
Illustration of plasma and sheaths. 


able to stick to the wall surface leaving the area near the walls for positively 
charged ions alone. The positively charged sheath results in a typical potential 
profile for the discharge zone, which is also presented in Figure 6.2. The bulk 
of the plasma is quasi-neutral and hence, it is isopotential (ọ = const) accord- 
ing to the Poisson’s distribution (Equation 6.1.2). Near the discharge walls, 
the positive potential falls sharply, providing a high electric field, accelerat- 
ing the ions and deceleration of electrons, which again sustains the plasma 
quasi-neutrality. Because of the ion acceleration in the sheath, the energy of 
ions bombarding the walls corresponds not to the ion temperature, but to the 
temperature of electrons. 


6.1.4 Physics of the DC Sheaths 


If a discharge operates at low gas temperatures (Te >> To, Ti) and low pres- 
sures, the sheath can be considered as collisionless. Then the basic 1D equation 
governing the DC sheath potential ¢ in the direction perpendicular to the wall 
can be obtained from Poisson’s equation, energy conservation for the ions, 
and Boltzmann distribution for electrons: 


dp ens 


ie eP, -1/2 
a [ep T; (1 ED i (6.1.8) 
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In this equation, ns is plasma density at the sheath edge; Ei, = 1/ 2Muz, is the 
initial energy of an ion entering the sheath (uis is the corresponding velocity); 
and the potential is assumed to be zero (ọ = 0) at the sheath edge (x = 0). 
Multiplying Equation 6.1.8 by dọ/dx and then integrating (assuming bound- 
ary conditions: ọ = 0, dg/dx = 0 at x = 0, see Figure 6.3) permits finding the 
electric field in the sheath (the potential gradient) as a function of potential: 


dọ 2 2ens ego eo 1/2 
—] = =l- j -— — 2Eis |. T 
( £) = Te exp (=) Te + 2Eis | 1 E; ig (6.1.9) 


The solution of Equation 6.1.9 can exist only if its right-hand side is positive. 
Expanding Equation 6.1.9 to the second order in a Taylor series, leads to the 
conclusion that the sheath can exist only if the initial ion velocity exceeds the 
critical one; this is known as the Bohm velocity up: 


uis > ug = J/Te/M. (6.1.10) 


The Bohm velocity is equal to the velocity of ions having energy 
corresponding to the electron temperature. The condition Equation 6.1.10 
of a sheath existence is usually referred to as the Bohm sheath criterion. To 
provide ions with the energy and directed velocity necessary to satisfy the 
Bohm criterion, there must be a quasi-neutral region (wider than the sheath, 
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FIGURE 6.3 
Illustration of a sheath and a presheath in contact with a wall. 
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e.g., several rp) with some electric field. This region illustrated in Figure 6.3 
is called the presheath. The minimum presheath potential is 


1 T 
Ppresheath ~ zMu = ore (6.1.11) 


Balancing the ion and electron fluxes to the wall gives change of potential 
across the sheath: 


1 
Ag= -Teln /M/2nm. (6.1.12) 


e 


Because the ion-to-electron mass ratio M/m is large, the potential across the 
sheath (even at a floating wall) exceeds five to eight times the potential across 
the presheath. A typical sheath is s ~ 3rp. 


6.1.5 High Voltage Sheaths, Matrix and Child Law Sheath Models 


Equation 6.1.12 was related to the floating potential, which exceeds the elec- 
tron temperatures five to eight times. However, in general, the change of 
potential across a sheath (sheath voltage Vo) is often driven to be very large 
compared to electron temperature Te/e. In this case, the electron concentration 
in the sheath can be neglected and only ions need to be taken into account. As 
an interesting consequence of the electron absence, the sheath region appears 
dark when visually observed. The simplest model of such a high voltage 
sheath assumes uniformity of the ion density in the sheath. This sheath is usu- 
ally referred to as the matrix sheath. In the framework of the simple matrix 
sheath model, the sheath thickness can be expressed in terms of the Debye 
radius rp corresponding to plasma concentration at the sheath edge: 


2V, 
s=] F g (6.1.13) 
e 


When the voltage is high enough numerically, the matrix sheath thickness 
can be large and exceed the Debye radius 10-50 times. The more accurate 
approach to describing the sheath should take into account the decrease of 
the ion density as the ions accelerate across the sheath. This is done in model 
of the so-called Child law sheath. In the framework of this model, the ion 
current density jo = nseup is taken to be equal to that of the well-known Child 
law of space-charge-limited current in a plane diode: 


, 4eo [2e 1 
jo = nseug = > es v. (6.1.14) 
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Considering the Child law equation 6.1.14 as an equation with respect to 
“s,” to the relation for the thickness of the Child law sheath is 


2 LIVG\ PE 
$= Py ( : 2) . (6.1.15) 
e 


Numerically, the Child law sheath can be of order of 100 Debye lengths in 
typical low-pressure discharges applied for surface treatment. More details 
regarding sheaths, including collisional sheaths, sheaths in electronegative 
gases, radio-frequency plasma sheathes and pulsed potential sheathes can be 
found, for example, in Lieberman and Lichtenberg (1994). 


6.1.6 Electrostatic Plasma Oscillations: Langmuir or Plasma Frequency 


Consider the electrostatic plasma oscillations illustrated in Figure 6.4. Assume 
in 1D approach that all electrons at x > 0 are initially shifted to the right on 
the distance x9 while heavy ions are not perturbed and located in the same 
position. This will result in of the electric field pushing the electrons back. If 
E = Qat x < 0, this electric field restoring the plasma quasi-neutrality can be 
found at x > xo from the 1D Poisson’s equation as 


de = — (ni — ne), E= SE heo (at x > xo). (6.1.16) 
dx €0 €0 

This electric field pushes all the initially shifted electrons to move back 
to the left (see Figure 6.4) together with their boundary (at x = x9). The 
resulting electron motion is described by the equation of electrostatic plasma 
oscillations: 


(6.1.17) 


Here, the parameter wp is the Langmuir frequency or plasma frequency. 
Comparing Equations 6.1.7 and 4.3.39 for plasma frequency and Debye 


FIGURE 6.4 
Electron density distribution in plasma oscillations. 
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radius, it is interesting to note that 


wp x tp = V2Te/m (6.1.18) 


The product of the Debye radius and the plasma frequency gives thermal 
velocity of electrons. The time of a plasma reaction to an external perturba- 
tion (1/wp) corresponds to time required by a thermal electron (with velocity 
/2T./m) to travel the distance rp necessary to provide screening of the exter- 
nal perturbation. Since the plasma (or Langmuir frequency) depends only 
on the plasma density, it can be conveniently calculated by the following 
numerical formula: 


p(s") = 5.65 x 10*/ne(em-3). (6.1.19) 


While different types of electrical discharges have different plasma fre- 
quencies, these usually reside in the microwave frequency region of 1-100 
GHz. 


6.1.7 Penetration of Slow Changing Fields into Plasma, Skin Effect 


Consider the penetration of a changing field into plasma with frequency less 
than the plasma frequency (w < wp). In this case, Ohm’s law can be applied 
in the simple form: 


j=oE, (6.1.20) 


where j is the current density in plasma, E is the electric field strength, 
o is plasma conductivity corresponding to constant electric field (see 
Section 4.3.2). To describe the evolution of the field penetrating into plasma, 
the Maxwell equation for curl of magnetic field must be taken into account 


> ge È 
curl H =j + ag (6.1.21) 


Assume the frequency is also low with respect to the plasma conductivity 
and the displacement current (second current term in Equation 6.1.21) can be 
neglected. Combining Equations 6.1.20 and 6.1.21 gives 


curl H = oÈ. (6.1.22) 
Taking the electric field from Equation 6.1.22 and substituting into Maxwell 
equation: 
aH 


(PS =n, 6.1.23 
cur no-z ( ) 
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which leads to the amplitude of electromagnetic field decrease during 
penetration into a plasma: 


aH 1 3 1 X Eae, Toos 
— = —— curl curl H = ———V(divH) + — AH = — AH. (6.1.24) 
ot [Loo [Loo [Loo Moo 


Similar equation can be derived for an electric field penetrating into plasma. 
Equation 6.1.24 describes the decrease of amplitude of low frequency electric 
and magnetic fields during their penetration into plasma. The characteristic 
space scale of this decrease can be easily found from Equation 6.1.24 as 


i 20 
TE ! (6.1.25) 
uoo 


If this space-scale 8 is small with respect to the plasma size, then the external 
fields and currents are located only on the plasma surface layer (within the 
depth 8). This effect is known as the skin effect, and the boundary layer, 
where the external fields penetrate and where plasma currents are located, 
is usually referred to as the skin layer. As one can see from Equation 6.1.25, 
the depth of skin layer depends on the frequency of the electromagnetic field 
(f = @/2m) and the plasma conductivity. For calculating the skin-layer depth, 
it is convenient to use the following numeric formula: 


5.03 
o/2 (1/ohm cm) f!/2(MHz) ° 


ô (cm) = (6.1.26) 


D- 
6.2 Magneto-Hydrodynamics of Plasma 
6.2.1 Equations of Magneto-Hydrodynamics 


Alfven (1950) first pointed out behavior of plasma in magnetic fields. Motion 
of high-density plasma (the degree of ionization is assumed high in this 
section) induces electric currents, which together with the magnetic field 
influence the motion of the plasma. Such phenomena can be described by 
the system of magneto-hydrodynamics (MHD) equations including: 


a. Navier-Stokes equation neglecting viscosity, but taking into account 
the magnetic force on the plasma current with density j, B is magnetic 
induction, M is the mass of ions, ne = ni, Mne = p: 


a0 


M 
ne 


+ 6v! + Vp = [jB], (6.2.1) 
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b. Continuity equations for electrons and ions, moving together with 
macroscopic velocity v: 


3 > 

= + div(ned) = 0, (6.2.2) 

c. Maxwell equations for magnetic field, neglecting the displacement 
current: 


curl Ħ =j, divB=0, (6.2.3) 


d. Maxwell equation for electric field curl E = —3B/ðt together with 
Equation 6.2.3 and Ohm’s law (j = o(E +[0B]), for plasma with 
conductivity o) give the relation for the magnetic field: 


os 


aB -> 1 > 
— = curl [vB] + — AB. (6.2.4) 
ot Ouo 


MHD is able to describe plasma equilibrium and confinement in magnetic 
fields, which is of great importance in problems related to the thermonuclear 
plasma systems (Kadomtsev, 1958; Kruscal and Kulsrud, 1958). 


6.2.2 Magnetic Field “Diffusion” in a Plasma, Effect of Magnetic Field 
Frozen in a Plasma 


If plasma is at rest (0 = 0), Equation 6.2.4 can be reduced to the diffusion 
equation: 


= DAR. Dir (6.2.5) 


The factor Dm can be interpreted as a coefficient of “diffusion” of the 
magnetic field into the plasma. Sometimes it is also called the magnetic 
viscosity. If the characteristic time of the magnetic field change is t = 1/a, 
then the characteristic length of magnetic field diffusion according to Equa- 
tion 6.2.5 is 8 ~ /2Dmt = /2/o 0, which again is the skin-layer depth 
(Equation 6.1.25). Equation 6.2.5 can be applied to describe the damping time 
Tm of currents and magnetic fields in a conductor with characteristic size L: 


L2 
= pos LÊ. (6.2.6) 


m= p 

According to Equation 6.2.6, the damping time is infinitely high for super- 
conductors. The magnetic field damping time is also very long for large special 
objects; for solar spots this time exceeds 300 years. Equations 6.2.5 and 6.2.6 
can be interpreted in another way. If the plasma conductivity is high (o — oo), 
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d —— 


FIGURE 6.5 
Illustration of magnetic field frozen in plasma. 


the diffusion coefficient of magnetic field is small (Dm — 0) and magnetic 
field is unable to “move” with respect to the plasma. Thus, the magnetic field 
sticks to plasma or in other words the magnetic field is frozen in the plasma. 
Consider displacement (correspondent to time interval dt) of the surface ele- 
ment AS, moving with velocity 0 together with plasma (see Figure 6.5). The 
effect takes place when the plasma conductivity is high (o —> oo) and second 
left-hand side term of Equation 6.2.4 can be neglected: 


> 


B a 
k = curl [vB]: (6.2.7) 


Because of div B = 0, difference in fluxes Bas through surface elements 
ASoand AS; is equal to the flux ẹ$ Blo di] = $ [Bo] di through the side surface 
of the fluid element in Figure 6.5. Based on this fact and on Equation 6.2.7, the 
time derivative of the magnetic field flux fE dS through the moving surface 
element AS can be expressed as 


= [cur [0B] dS + T di. (6.2.8) 


According to Stokes theorem, the last sum of the equality (Equation 6.2.8) 
is equal to zero: 


db dfs .- 

= = —— = (a0) => + p25 

TAT IE dS =0, const (6.2.9) 
Equation 6.2.9 shows that the magnetic flux ® through any surface element 

moving with the plasma is constant. It again shows that the magnetic field is 

“frozen” in moving plasma with high conductivity. 
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6.2.3 Magnetic Pressure, Plasma Equilibrium in Magnetic Field 


Under steady-state plasma conditions (da /dt = 0), the Navier-Stokes equa- 
tion 6.2.1 can be simplified to 


grad p = [JB]. (6.2.10) 


This equation can be interpreted as a balance of hydrostatic pressure p and 
ampere force. Taking into account the first part of Equation 6.2.3, eliminate 
the current from the balance of forces (Equation 6.2.10): 


Vp = [JB] = wolcurl Ħ x H] = -vR + po(HV)H. (6.2.11) 


Combination of the gradients in Equation 6.2.11 leads to the following 
equation describing plasma equilibrium in magnetic field: 


H? ys H? 
Vv (> ae — = o(HV)H = i. (6.2.12) 


Here, R is the radius of curvature of magnetic field line; 7 is the unit nor- 
mal vector to the line (directed inside to the curvature center). Hence, the 
force poH?/Rñ is related to bending of the magnetic field lines and can be 
interpreted as the tension of magnetic lines. This tension tends to make the 
magnetic field lines straight, and it is equal to zero when the lines are straight. 
The pressure term poH?/2 is usually called the magnetic pressure. The sum 
of the hydrostatic and magnetic pressures p + poĦH?/2 is referred to as the 
total pressure. Equation 6.2.12 for plasma equilibrium in magnetic field can 
be considered as the dynamic balance of the gradient of total pressure and the 
tension of magnetic lines. If the magnetic field lines are straight and parallel, 
then R —> œ and the “tension” of magnetic lines is equal to zero. In this case, 
Equation 6.2.12 gives the equilibrium criterion: 

oH? 
2 


p + = const. (6.2.13) 

Plasma equilibrium in a magnetic field means a balance of pressure in 
plasma with the outside magnetic pressure. Plasma equilibrium is also possi- 
ble sometimes for special configurations of magnetic fields when p « uoH?/2. 
In this case, the outside magnetic pressure is compensated by the “tension” of 
magnetic lines. Such equilibrium configurations of magnetic field are called 
forceless configurations. 


6.2.4 The Pinch Effect 


This effect indicates self-compression of plasma in its own magnetic field. 
Consider the pinch effect in long cylindrical discharge plasma with the electric 
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current along the axis of the cylinder (see Figure 6.6). This is the so-called 
Z-pinch (Allis, 1960). Equilibrium of the completely ionized Z-pinch plasma 
is determined by Equation 6.2.10 or 6.2.12, combined with the first Maxwell 
equation 6.2.3 for the self-magnetic field of the plasma column: 


zE 


T 
NL 8x 


ÊP. (6.2.14) 


This equilibrium criterion is called the Bennet relation (Bennett, 1934). In 
this relation Nz is the plasma density per unit length of the cylinder; T is the 
plasma temperature. The Bennett relation shows that plasma temperature 
should grow proportionally to the square of the current to provide a balance 
of plasma pressure and magnetic pressure of the current. Thus, to reach ther- 
monuclear temperatures of about 100 keV in plasma with density 10'!°cm~? 
and cross section 1cm?, the necessary current according to Equation 6.2.14 
should be about 100 kA. A current of O (100 kA) can be achieved in Z-pinch 
discharges, which in the early 1950s stimulated enthusiasm in the controlled 
thermonuclear fusion research. However, hopes for easy controlled fusion 
in Z-pinch discharges were shattered because very fast instabilities arose to 
destroy the plasma. These very fast instabilities of Z-pinch, related to plasma 
bent and nonuniform plasma compression are illustrated in Figure 6.6. If the 
discharge column is bent, the magnetic field and magnetic pressure become 
larger on the concave side of the plasma, which leads to a break of the channel. 
This instability of Z-pinch is usually referred to as the “wriggle” instability. 
Similar to the “wriggle” instability, if the discharge channel becomes locally 
thinner, the magnetic field (B « 1/r) and magnetic pressure at this point grows 
leading to further compression and to a subsequent break of the channel. 


FIGURE 6.6 
Illustration of the pinch effect, when a discharge channel is bent. 
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6.2.5 Two-Fluid Magneto-Hydrodynamics: The Generalized Ohm’s Law 


In the MHD approach, the electron ve and ion Ji velocities were considered 
equal. Actually this is in contradiction with the presence of electric current 
j = ene(Ui — Ve) in the quasi-neutral plasma with density ne. Thus, it is clear 
that effects related to separate motion of electrons and ions, require consid- 
eration under a two-fluid model of MHD. In two-fluids MHD model the 
Navier-Stokes equation for electrons is somewhat similar to Equation 6.1.1, 
but includes electron’s mass m, pressure pe, velocity and additionally takes 
into account the friction between electrons and ions (which corresponds to 
the last term in the equation, where ve is the frequency of electron collisions): 


~ 


d = -> Fe ss 
mne + Vpe = —eneE — ene[VeB] — mneve (Ve — Vi). (6.2.15) 


d 


Similar Navier-Stokes equation for ions includes the same friction term, but 
with opposite sign. The first term in Equation 6.2.15 is related to the electron 
inertia and can be neglected because of very low electron mass. Also denoting 
the velocity of the ion as 3 and the plasma conductivity as o = nee? /Mve, we 
can rewrite Equation 6.2.15 in the form known as the generalized Ohm’s law: 


s > ee oO g > 
j = o(E + [3B] + one = zn, BI- (6.2.16) 


The generalized Ohm’s law in contrast to the conventional one takes into 
account electron pressure gradient and the li x B] term related to the Hall 
effect. Both these two additional terms show that current direction is not 
always straight correlated with direction of electric field (even corrected 
by BN. The Hall effect is related to the electron conductivity in the pres- 
ence of a magnetic field, which provides an electric current in the direction 
perpendicular to electric field. This effect was discussed earlier in Section 
4.3.4 (see Equation 4.3.18) in terms of plasma drift in crossed electric and 
magnetic fields. The generalized Ohm’s law can be applied as well as the equa- 
tions of motion for individual species to analyze different types of charged 
particle drifts in magnetic fields (see Thompson, 1962). Solution of Equa- 
tion 6.2.16 with respect to electric current is complicated because of the 
presence of current in two terms of the generalized Ohm’s law. This equa- 
tion can be solved if the plasma conductivity is sufficiently large. In this 
case, (o —> oo), the generalized Ohm’s law can be expressed in the form 
(Kadomtsev, 1976): 


a aan i i ae 
È + [6B] + —Vpe = —[jB]. (6.2.17) 
e 
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If the electron temperature is uniform, the electron hydrodynamic velocity 
d can be used and the generalized Ohm’s law (Equation 6.2.17) rewritten as 


P ya i 
È = —[ðeB] — -V (Te Inne). (6.2.18) 


Using this expression for the electric field in the Maxwell equation curl 
E = —0B/dt, and taking into account that curl of gradient is equal to zero: 


aB “3 
aoe curl [vB]. (6.2.19) 


This form of two-fluid MHD is similar to Equation 6.2.7. 


6.2.6 Plasma Diffusion across Magnetic Field 


The generalized Ohm’s law equation 6.2.16 of the two-fluid magneto- 
hydrodynamics model is able to describe the electrons and ions diffusion in 
direction perpendicular to magnetic field. Calculation of the diffusion coeffi- 
cients for electrons and ions in this direction in the framework of this model 
gives (Braginsky, 1963) 


D= — =, Dig=——_* (6.2.20) 


In this relation: De and D; are the coefficients of free diffusion of electrons 
and ions in a plasma without magnetic field (see Section 4.3.7); ve and v; are 
the collisional frequencies of electrons and ions; œB,e and œp, are the electron 
and ion cyclotron frequencies (see Equation 4.3.16): 


eB eB 6.2.21 
Be ar Bi = W (6.2. ) 
which show the frequencies of electron and ion collisionless rotation in 
magnetic field. Since ions are much heavier than electrons (M > m), the 
electron-cyclotron frequency is much greater than the ion-cyclotron frequency 
in the same magnetic field B. If diffusion is ambipolar, which is actually the 
case in the highly ionized plasma under consideration, then, Equation 4.3.36 
can still be applied to find D, in a magnetic field. Obviously, the free diffu- 
sion coefficients for electrons and ions in Equation 4.3.36 should be replaced 
by those in the magnetic field (Equation 6.2.20). The regular electron and ion 
mobilities pe and p; in Equation 4.3.36 also should be replaced by those cor- 
responding to the drift perpendicular to the magnetic field Equation 4.3.18. 
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This leads to the following coefficient of ambipolar diffusion perpendicular 
to magnetic field: 


Da 
2 2 
WR w 
j ua $ Hi 1+ Be 
Vi He Ve 
Here, D, is the regular coefficient of ambipolar diffusion (Equation 4.3.36) 
in plasma without magnetic field. Equation 6.2.22 for ambipolar perpendic- 
ular to the magnetic field can be simplified when electrons are magnetized 
wB,e/Ve > 1, trapped in the magnetic field, and rotating around the mag- 


netic lines. If at the same time heavy ions are not magnetized (wpi/vi < 1), 
Equation 6.2.22 can be rewritten as 


(6.2.22) 


D 
Di = —+. (6.2.23) 
1+ Hi Be 


He v2 


Under strong magnetic fields when (yj/ Le) (we g /v?) > 1, the relation for 
ambipolar diffusion is 


Me Ve ve 


Hi ohe (@/M)? BP 


2 2 
a 1 


(6.2.24) 


In strong magnetic fields, the coefficient D, significantly decreases with 
the strength of the magnetic field: D1 « 1/B2. The magnetic field is not trans- 
parent for the plasma and can be used to prevent the plasma from decay. 
This, as well as the MHD plasma equilibrium, is very important for plasma 
confinement in a magnetic field. This was experimentally demonstrated by 
D'Angelo and Rynn (1961). The slow ambipolar diffusion across the strong 
magnetic field can be interpreted using the illustration in Figure 6.7. The 


FIGURE 6.7 
Ambipolar diffusion across magnetic field. 
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magnetized electron is trapped by the magnetic field and rotates along the 
Larmor circles until a collision pushes the electron to another Larmor circle. 
The electron Larmor radius: 

OL 1 


= —V/2T, 2.25 
OB,e eB on (6 ) 


PL = 


is the radius of circular motion of a magnetized electron (see Figure 6.7); 
here v, is the component of the electron thermal velocity perpendicular to 
magnetic field. In the case of diffusion across the strong magnetic field, the 
Larmor radius plays the same role as the mean free path plays in diffusion 
without a magnetic field. This can be illustrated by rewriting Equation 6.2.24 
in terms of the electron Larmor radius: 


2 


DEN De—2- © pee. (6.2.26) 
Be 


Equation 6.2.26 for the diffusion coefficient across the strong magnetic field 
is similar to Equation 4.3.31 for free diffusion without a magnetic field, but 
with the mean free path replaced by the Larmor radius. When the magnetic 
field is high and electrons are magnetized (wpe/Ve >> 1), then the electron 
Larmor radius is shorter than the electron mean free path (pL < de). Plasma 
diffusion across the strong magnetic field then is slower than without the 
magnetic field and decreases with the strength of the field. 


6.2.7 Conditions for Magneto-Hydrodynamic Behavior of Plasma: The 
Alfven Velocity and the Magnetic Reynolds Number 


Determine the plasma conditions when the MHD effects take place, for exam- 
ple, when the fluid dynamics is strongly coupled with the magnetic field. 
MHD demands the “diffusion” of the magnetic field to be less than the “con- 
vection,” that is the curl in the right-hand side of Equation 6.2.4 should exceed 
the Laplacian (the space-scale of plasma is L): 


vB 1 


——— Sy v 
L? amy 1 > 


—. 227 
Sik (6.2.27) 


Using the concept of magnetic viscosity Dm (Equation 6.2.5), we can rewrite 
the condition Equation 6.2.27 of MHD behavior as 


L 
Renaa a (6.2.28) 
Dm 


Here, Rem, is the magnetic Reynolds number that is somewhat similar to 
the conventional Reynolds number, but with kinematic viscosity replaced by 
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the magnetic viscosity. The physical interpretation of the magnetic Reynolds 
number can be further clarified taking into account that the plasma velocity 
v in MHD systems usually satisfies the approximate balance of dynamic and 
magnetic pressures 


pu? HoH? 


6.2.29 
5 5 ( ) 


B 
, OF VXKU= 
V PMO 
p = Mne is the plasma density. The characteristic plasma velocity va corre- 


sponding to the equality of the dynamic and magnetic pressures is called the 
Alfven velocity. The criterion of MHD behavior can then be written: 


L 
Rem = a = BLo |" >1. (6.2.30) 
p 


m 


This form of the magnetic Reynolds number and criterion for magneto- 
hydrodynamic behavior was derived by Lundquist (1952). The magnetic 
Reynolds numbers for some laboratory and nature plasmas are presented 
in Table 6.2 (see Chen, 1984; Rutherford and Goldston, 1995). 


N 
6.3 Instabilities of Low-Temperature Plasma 


6.3.1 Types of Instabilities of Low-Temperature Plasmas, Peculiarities 
of Plasma-Chemical Systems 


The instabilities of hot confined plasmas are not subject of this book (see 
Melrose, 1989; Mikhailovskii, 1998a,b). The most serious instabilities of non- 
thermal, nonequilibrium plasmas are related to the system’s tendency to 
restore thermodynamic quasi-equilibrium between different degrees of free- 
dom. Typically in nonequilibrium plasmas, the electron, vibrational, and 


TABLE 6.2 
Magnetic Reynolds Numbers in Different Laboratory and Nature Plasmas 

Space 
Type of Plasma B(T) Scale (m) p (kg/m?) o (ohm7! cm7!) Rm 
Ionosphere 1077 10° 1077 0.1 10 
Solar atmosphere 1072 107 1076 10 108 
Solar corona 107° 10° 10717 104 tot 
Hot interstellar gas 10-19 10 light years 10-21 10 1015 
Arc discharge plasma 0.1 0.1 10°? 103 103 
Hot confined plasma, 0.1 0.1 1076 108 104 


n=10%cm73,T = 10°K 
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translational temperatures remain in the following hierarchy: Te > Ty >> To. 
The homogeneous states of nonequilibrium discharges are possible only in 
a limited range of parameters. Usually this means low pressures, low spe- 
cific energy inputs, and low specific powers (which is the power per unit 
volume). Small fluctuation of the plasma parameters beyond this stability 
range can increase exponentially, resulting in the discharge transition into 
a nonhomogeneous form. The optimal specific energy input for quite a few 
nonequilibrium plasma-chemical processes is about Ey ~ 1 eV / mol. This spe- 
cific energy input exceeds about 10 times the optimal one (Ey % 0.1 eV / mol) 
for highly effective nonequilibrium discharges applied for stimulation of gas 
lasers. The requirements of Ey ~ 0.1 eV / mol is related to the final gas heating, 
while the optimal energy input Ey ~ 1eV / mol is related to the initial energy 
going mostly into vibrational excitation. If the energy efficiency of plasma- 
chemical process reaches 90%, the requirement can be met. Plasma-chemical 
systems, in contrast to gas lasers, can be effective in nonhomogeneous systems 
as well, if the required level of the plasma nonequilibrium remains (Givotov 
et al., 1983a,b). 

Striation is an instability related to formation of plasma structure that looks 
like a series of alternating light and dark layers along the discharge cur- 
rent. The general appearance of a striated discharge is shown in Figure 6.8. 
Normally, the striations are able to move fast with velocities up to 100 m/s, 
but also can be at rest; usually the conditions of their appearance do not 
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FIGURE 6.8 
General view of striated discharges. 
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depend on pressure and specific energy input. It is very important that the 
striations do not significantly affect plasma parameters. The characteristics 
of plasma-chemical processes in nonequilibrium discharges with and with- 
out striations are close. Often the striations are not even detectable by the 
naked eye. The physical phenomenon of striation is related to ionization 
instability (see below) and can be interpreted as ionization oscillations and 
waves (Nedospasov, 1968; Landa et al., 1978). Contraction is an instability 
related to plasma “self-compression” into one or several bright current fila- 
ments. The contraction takes place when the pressure or specific energy input 
exceeds some critical values. In contrast to striation, contraction significantly 
changes plasma parameters. The plasma filament formed as a result of con- 
traction is close to quasi-equilibrium. For this reason, contraction is a serious 
factor limiting the power and efficiency of gas lasers and nonequilibrium 
plasma-chemical systems. 


6.3.2 Thermal (lonization Overheating) Instability 
in Monatomic Gases 


Consider the ionization-overheating instability (often called “thermal” insta- 
bility) for plasma of monatomic gases. The instability is due to the strong 
exponential dependence of the ionization rate coefficient and hence the elec- 
tron concentration on the reduced electric field Eg /ng. The thermal instability 
can be illustrated by the following closed chain of causal links, which can 
start from fluctuation of the electron concentration: 


Sne T > To t—> Sno 4 3(=)1 > &le t. (6.3.1) 
0 


The local increase of electron concentration ne leads to intensification of 
gas heating by electron impact and, hence, to an increase of temperature 8T. 
Taking into account that pressure p = ngTo is constant, the local increase of 
temperature 5T leads to decrease of gas density 5/9 and to an increase of the 
reduced electric field 8(E/no) (electric field E = const). Finally, the increase 
of the reduced electric field 8(E/ng) results in the further increase of electron 
concentration $e, which makes the chain (Equation 6.3.1) closed and deter- 
mines the positive feedback. The sequence (Equation 6.3.1) gives the physical 
meaning of the thermal instability. Because of the strong dependence of the 
ionization rate on E/ng, a small local initial overheating 8To9 according to the 
mechanism (Equation 6.3.1) grows up exponentially: 


sTo(t) = Too exp Qt. (6.3.2) 
The exponential increase in overheating leads to formation of the hot fila- 


ment, or in other words, to contraction. Here, Too is the initial perturbation of 
temperature. The parameter of exponential growth of the initial perturbation 
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is called the instability increment. If system is stable, the instability increment 
is negative (Q > 0), the positive increment (Q > 0) means the actual insta- 
bility. The increment of thermal instability (Equation 6.3.1) can be found by 
linearization the differential equations of heat and ionization balance. In the 
case of high or moderate pressure discharges, when the influence of walls can 
be neglected, the thermal instability increment is equal to (see, e.g., Nighan, 
1976): 


~ oE? n y—1oE? 
i =i . 
NoCpTo y p 


(6.3.3) 


Here, the dimensionless factor ki = ð ln ki/ð ln Te is the sensitivity of the 
ionization rate to electron temperature (directly related to E/noọ ); this factor 
is usually about 10; o is plasma conductivity, p is pressure, cp and y are the 
specific heat and specific heat ratio. vrp = (Y — 1)/ y(oE?/ p) is the frequency 
of gas heating by electric current at constant pressure, therefore the instabil- 
ity increment (Equation 6.3.3) is determined by the heating frequency, and 
exceeds vtp because of the strong sensitivity of ionization to electron temper- 
ature. Equation 6.3.3 shows that steady-state discharges at high and moderate 
pressures are always unstable with respect to the considered thermal insta- 
bility. The thermal instability (Equation 6.3.1) can be suppressed by intense 
cooling as in the case of heat losses to the walls at low discharge pressures. 
Also one can avoid the thermal instability if the specific energy input is low 
and does not provide sufficient energy for contraction. In other words, the 
thermal instability can be neglected if the gas residence time in discharge (or 
discharge duration) is small with respect to the thermal instability time (1/Q). 


6.3.3 Thermal (lonization Overheating) Instability in Molecular 
Gases with Effective Vibrational Excitation 


The key difference of the thermal instability in molecular gases is related to the 
fact that fluctuation of electron density ne does not lead directly to heating 
8To, but rather through intermediate vibrational excitation. Vibrational VT- 
relaxation is relatively slow (tvIVTp > 1, tyr isthe VT-relaxation time) in the 
highly effective laser and plasma-chemical systems. In this case, the thermal 
instability becomes more sensitive to VT-relaxation than to excitation (vyr) 
itself as was the case in monatomic gases (Equation 6.3.3). In the most inter- 
esting case of fast vibrational excitation and slow relaxation (tyrvtp > 1), the 
increment of thermal instability in the molecular gas plasma can be expressed 
as (Haas, 1973; Nighan and Wiegand, 1974) 


b | b2 
QT = 7 = 4 + C, (6.3.4) 
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“a 


where the parameters “b” and “c” are 


1 ð ln tyT R 
= 2 Ror 
b ae (1 Aline: ) + VTp ( + tvt) y (6 3 5) 
EN Oe hia) (6.3.6) 
TVT d Inno ð ln ey 


In these relations, the dimensionless factor tyr = 3 ln tyr/3 ln To is the 
logarithmic sensitivity of the vibrational relaxation time to translational tem- 
perature; numerically this factor is usually about —3 to —5; ey is the vibrational 
energy of a molecule. Analysis of Equations 6.3.4 through 6.3.6 shows that 
the thermal instability in molecular gases can proceed in two different ways, 
thermal and vibrational modes: 


1. The thermal mode of instability corresponds to the condition b < 0. 
Taking into account the relatively high rate of vibrational excitation 
(vtptvr > 1), one can see that b2 >> c. Then, Equation 6.3.4 gives the 
instability increment for thermal mode: 


A ho a 
Qr = |b| © —vrp l2 + ĉvr) = kvrno — (kv — 2). (6.3.7) 
CpTo 


In this relation, the dimensionless factor kvr = 0Inkyt/d ln To is the 
logarithmic sensitivity of the vibrational relaxation rate coefficient 
to translational temperature To. Numerically, this sensitivity factor is 
usually about 3-5. As seen from Equation 6.3.7, the increment of insta- 
bility in the thermal mode corresponds to the frequency of heating 
due to vibrational VT-relaxation, multiplied by (kyr — 2) > lbecause 
of the strong exponential dependence of the Landau—Teller relaxation 
rate coefficient on the gas temperature (see Section 3.4.3). The pure 
thermal mode does not include ionization (only overheating, no fac- 
tors directly related to ne). Hence, it is the “overheating” part of the 
whole “ionization-overheating” instability. 

2. The vibrational mode corresponds to the condition: c > 0 (at any sign 
of the parameter b). The instability increment at high rate of excitation 
(vtptvr > 1) can be expressed for this mode as 


A 


c ki 
| 


Qr = — ~ kyrnoz (6.3.8) 


|b kyr — 2 — (vtpttp)7! 

The instability increment for the vibrational mode is mostly char- 
acterized by the frequency of vibrational relaxation. In contrast to 
thermal mode, the sensitivity term in Equation 6.3.8 does include 
factors related to the electron concentration and the overheating 
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effect on ionization rate. This makes the instability similar to that 
in monatomic gases (Equation 6.3.3). Thus, it is the “ionization” part 
of the whole “ionization-overheating” instability. In the case of slow 
excitation (vtptvr < 1, the instability increment is 


VTp 0 In Ne 0 In TVT 
Qr=, — |- 1— A 6.3.9 
i = ( ine) ( ð ln ey ( ) 


6.3.4 Physical Interpretation of Thermal and Vibrational Instability Modes 


The different modes of thermal instability discussed above are illustrated 
in Figure 6.9. In the same manner as in the case of monatomic gases (Equa- 
tion 6.3.1), local decreases of gas density in molecular gases leads to an increase 
of the reduced electric field and electron temperature. An increase of elec- 
tron temperature results in an acceleration of ionization, a growth of electron 
concentration, and vibrational temperature. Growth of the vibrational tem- 
perature makes VT-relaxation and heating more intensive, which leads to an 
increase of the translational temperature and to a decrease of the gas density 
(because p = no T = const). This is the mechanism of the vibrational mode of 
instability, which is somewhat similar to Equation 6.3.1. Thermal mode, which 
is also shown in Figure 6.9, is not directly related to electron density, temper- 
ature, and to ionization. This is due to the strong exponential dependence 
of the VT-relaxation rate coefficient on translational temperature. Even small 
increases of the translational temperature leads to significant acceleration of 
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FIGURE 6.9 
Thermal instability in molecular gases: solid lines—vibrational mode, dashed lines—thermal 
mode. 
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VT-relaxation rate (Landau-—Teller mechanism, see Section 3.4.3), intensifica- 
tion of heating and then to further growth of the translational temperature. 
This phenomenon is called sometimes the thermal explosion of vibrational reser- 
voir. Increase of temperature in the thermal mode, obviously, also stimulates 
growth of the electron density, but it is not included inside of the principal 
chain of events in this mode of instability. The instability increment in both 
thermal (Equation 6.3.7) and vibrational (Equation 6.3.8) modes usually has 
close numerical values. Sometimes however, even the qualitative behavior 
of these two instability modes is different. For example, vibrational energy 
losses into translational degrees of freedom at strong vibrational nonequilib- 
rium are mostly provided by VV- and VT-relaxation from high vibrational 
levels (see Sections 5.3.8 and 5.3.9). In this case, an increase of translational 
temperature To leads to a decrease of the effective VT-relaxation and gas 
heating. The thermal instability mode is impossible under such conditions. 
At the same time, the increment of the vibrational mode, even increases. 
The opposite situation takes place in nonequilibrium discharges sustained 
in supersonic flows (see the next section). In this case, gas heating leads not 
to a decrease but to an increase of gas density and to a reduction of electron 
temperature and reduction of further heating. This means the plasma is sta- 
ble with respect to the vibrational mode, but the thermal mode of instability 
is still in place. Plasma-chemical processes have both stabilizing and desta- 
bilizing effect on instabilities. A significant part of the vibrational energy in 
plasma-chemical systems can be consumed in endothermic reactions instead 
of heating. This provides plasma stabilization with respect to the ionization- 
overheating instability. Destabilization in turn is due to fast heat release in 
exothermic reactions. 


6.3.5 Nonequilibrium Plasma Stabilization by Chemical Reactions of 
Vibrationally Excited Molecules 


Both modes (Equations 6.3.7 and 6.3.8) of strong thermal instability, which 
leads to discharge contraction, have typical time comparable with the time of 
VT-relaxation (tyr = 1/kyrno). This makes the thermal instability less dan- 
gerous for effective plasma-chemical processes, where the reaction time is 
approximately the time of vibrational excitation (tey = 1/key^e) and is shorter 
than time of VT-relaxation (see Equation 5.6.5). Effective plasma-chemical 
process can be completed before the development of the strong but slow 
thermal instability. One such fast ionization instability with a frequency 
approximately tey = 1/kevne is due to direct increase of Te and acceleration 
of ionization by an increase of Ty (Vedenov, 1973). The effect is provided 
by super-elastic collisions of electrons with vibrationally excited molecules 
(Section 4.2.5 and Equation 4.2.36). The scheme of the fast ionization instabil- 
ity is shown in Figure 6.10. The initial small increase of electron concentration 
leads to intensification of vibrational excitation and growth of the vibrational 
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FIGURE 6.10 
Ionization instability of molecular gas in chemically active plasma. 


temperature. Higher vibrational temperatures because of super-elastic colli- 
sions results in acceleration of ionization and further increase of the electron 
concentration. This instability includes neither VT relaxation nor any heat- 
ing, and it is fast (controlled by vibrational excitation tey = 1/keyne). This 
instability can be stabilized by endothermic chemical reactions consuming 
vibrational energy and decreasing Ty, which is also illustrated in Figure 6.10. 
Increment of this fast ionization instability, can be calculated by linearization 
of the differential equations for the vibrational energy balance and balance 
of electrons, taking into account the endothermic reactions stimulated by 
vibrational excitation (Kirillov et al., 1984e,f): 


ho 


Qy = kevnte (ki — kp). (6.3.10) 


V 
vo i 


Here, cy = de,/dTy is the vibrational heat capacity; ki = ð lnki/ð In Ty is the 


dimensionless sensitivity of the ionization rate coefficient to the vibrational 


temperature; k = 0Ink,/d In Ty is the dimensionless sensitivity of the chem- 
ical reaction rate to vibrational temperature (in the case of weak excitation 
k, = E,/Ty, at strong excitation k, = Toħw/xeT2, see Section 5.3). The factor 
ki = ðlnki /3 ln Ty can be found taking into account the influence of the vibra- 
tional temperature and hence, super-elastic processes on the ionization rate 
(see Section 4.2.5 and Equation 4.2.36) as 


7 ho 2 Ae 
R meen 3.11 
= (7) Ty 82) 
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In the above, Ae ~ 1-3 eV is the energy range of effective vibrational excita- 
tion (see Table 3.9) and Ea is the activation energy. Based on Equations 6.3.10 
and 6.3.11, the fast ionization instability increment for the case of not very 
strong excitation can be expressed as 


hwE, [ h2w? Ae 
Qy =k 1). 6.3.12 
Vv eVle ceT2 ( T2 Ea ) ( ) 


6.3.6 Destabilizing Effect of Exothermic Reactions and Fast Mechanisms 
of Chemical Heat Release 


Chemical reactions of vibrationally excited molecules stabilize the pertur- 
bations of ionization (Equation 6.3.12), but unfortunately they are also able 
to amplify instabilities related to the plasma direct overheating. As was 
discussed in Section 5.6.7 (see Equations 5.6.9 and 5.6.12), each act of chem- 
ical reaction stimulated by vibrational excitation is accompanied by transfer 
of energy Ea = AQy — AH into heat. This so-called chemical heat release 
includes the effect of exothermic reactions, nonresonant VV-exchange and 
VT-relaxation from high vibrational levels. The scheme of the ionization- 
overheating instability is illustrated in Figure 6.11. The instability of chemical 
heat release is the thermal (ionization-overheating) instability. It is much 
faster because of the fast heating controlled by the fast chemical reactions 
themselves. The increment of the instability (Kirillov et al., 1984a) is 


CpTo 


ho A ~ 
Qr=k k, —2 k 
T eVe Ty E(k; ) "OT, 


a Eee] ae kg ky). 6.3.13 
+,/] Ee — aT, Hae Mi ogee Ot he) AOS) 


Here, ky = 0 Ink,/d In Tp is the sensitivity of chemical reaction rate to trans- 
lational temperature. Equation 6.3.13 demonstrates that instability time is 
comparable with the time of vibrational excitation. This establishes a limit on 
the maximum specific energy input into nonequilibrium discharge: 


ho A ~ Cplo 
Emax = kev r = CpTo E (kr = 2) = kr CYT, 


T 2 

A w Cp 0 = 

H | 8 = 2) Fhe + 46 kr 
a Ty 
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This strong restriction of the plasma parameters required for stability of 
a moderate or high-pressure discharge (with chemical reactions stimulated 
by vibrational excitation) is shown numerically in Figure 6.12 in coordi- 
nates of vibrational and translational temperatures. At most conditions, the 
homogeneous, steady-state, nonequilibrium plasma-chemical discharges are 
unstable with respect to overheating, if pressure is moderate or high, and 
there is no discharge stabilization by walls. This explains why most pro- 
cesses, stimulated by vibrational excitation of molecules at high or moderate 
pressures, are experimentally observed only in space—nonuniform, non- 
homogeneous or non-steady-state discharges (Rusanov and Fridman, 1984). 
This ionization-overheating instability does not affect plasma-chemical dis- 
charges in supersonic flows. In that case, small increase of temperature leads 
not to reduction but to growth of the gas density (see Figure 6.11), which 
provides plasma stability. 


6.3.7 Electron Attachment Instability 


The attachment instability takes place if electron detachment essentially com- 
pensates electron attachment. This can be observed in glow discharges when 
the perturbation of ne does not affect current. The sequence of perturbations 
can illustrate the instability: 


ne tT > 8Te JL > va 4> SMe t. (6.3.15) 


Analyze the chain of causal links (Equation 6.3.15). The small increase 
of electron concentration leads to decrease of local electric field (current is 
not perturbed) and, hence, a decrease of electron temperature. Obviously, it 
intensifies ionization, but the effect of weakening of attachment may have a 
stronger effect (because the ionization rate is much less than the rate of attach- 
ment in the presence of intensive detachment process, see below). Before the 
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FIGURE 6.11 
Instability related to the “chemical” heat release. 
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Thermal instability limits. Specific energy input: (I) 0.1 eV /mol; (II) 0.3 eV /mol; (III) 0.5 eV /mol; 
(IV) 0.7 eV/mol. Range of stability parameters is crossed out. 


perturbation, attachment and detachment processes were in balance. There- 
fore, weakening of the attachment rate at a constant level of detachment 
results in an increase of electron concentration and, finally, in the instability. 
Increment of the attachment instability is 


‘ ki ki 
Qa © kano fi ( = 74 2 =| ; (6.3.16) 
ka ka n_ 


ka is the rate coefficient of electron attachment; dimensionless factor 
ka = 0 ln ka/3 In Te is the sensitivity of this rate coefficient to electron tempera- 
ture; 4 and n_ are concentrations of positive and negative ions, respectively. 
From Equation 6.3.16, the characteristic time of attachment instability is obvi- 
ously the time of electron attachment. The attachment instability does not 
take place in the discharge regime controlled by electron attachment where 
ka © ki (see Section 4.5.3). The instability increment is negative in this case, 
because ionization is more sensitive to electron temperature than attachment 
(kj > ka). The attachment instability can be observed only in the presence of 
intensive detachment (recombination regime, see Section 4.5.2), where ka >> ki 
and parenthesis in Equation 6.3.13 becomes positive. The attachment instabil- 
ity leads to formation of electric field domains, which are a form of striations. 
For example, an initial local fluctuation ŝne > 0, 8Te < 0 in the presence of 
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high concentration of negative ions results in their decay, growth of electron 
concentration and further decrease of a local electric field. This is called a weak 
field domain. An opposite local fluctuation ône < 0, 8Te > 0 leads to formation 
of a strong field domain. The domains usually move toward an anode much 
slower than the electron drift velocity. 


6.3.8 Other Instability Mechanisms in Low-Temperature Plasma 


a. Ionization instability controlled by dissociation of molecules. As shown in 
Section 4.2.6, the effective electron temperature is significantly higher 
in monatomic gases than in corresponding molecular gases at the 
same value of reduced electric field. This is due to significant reduc- 
tion of electron energy distribution function in an energy interval cor- 
responding to intensive vibrational excitation (see Equation 4.2.36). 
This effect explains the nonequilibrium discharge instability, related 
to dissociation of molecular gases, which can be illustrated by the 
scheme (Meyer, 1969; Kekez et al., 1970; Chalmers, 1972): 


bne t > S(dissociation) 1 —> Te 1 — dre ft. (6.3.17) 


Increase of electron concentration (or temperature) leads to intensifi- 
cation of dissociation, conversion of molecules into atoms, and then 
results in further growth of the electron concentration and tempera- 
ture. Increment of the instability (Equation 6.3.17) is determined by 
the dissociation time. 


b. The stepwise ionization instability. This instability is similar to the fast 
ionization instability related to vibrational excitation, see Equation 
6.3.5. Here also the increase of electron concentration leads to addi- 
tional population of excited species (but in this case electronically 
excited particles), which provides faster ionization and a further 
increase of electron concentration. Increment of this instability is 
approximately the frequency of electronic excitation. In contrast to 
the instability related to vibrational excitation (Section 6.3.5), this one 
cannot be as effectively stabilized by chemical reactions. 


c. Electron maxwellization instability. Electron energy distribution func- 
tions are restricted at high energies by a variety of channels of inelastic 
electron collisions. Maxwellization of electrons at higher electron 
densities provides larger amounts of high-energy electrons (Equa- 
tion 4.3.37) and a related stimulate ionization in this way. Instability 
can be illustrated by the following sequence of events: 


Sne T > d(maxwellization) +t > f (E) t > dnet. (6.3.18) 


An increase of electron concentration leads to maxwellization, 
growth of the electron energy distribution function at high energies, 
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intensification of dissociation and finally to further growth of elec- 
tron concentration. This instability mechanism (as well as stepwise 
ionization) may lead to striation or contraction at sufficiently high 
electron densities. 


d. Instability in fast oscillating fields. An example of instability in oscil- 
lating fields is the ionization instability of microwave plasma in 
low-pressure monatomic gases Ven < w (Gildenburg, 1981). The 
mechanism of this instability is similar to the modulation instability 
of hot plasma. An increase of electron density in a layer (perpendicu- 
lar to electric field) provides growth of the plasma frequency, which 
approaches the microwave frequency œw and leads t an increase of 
the field. The growth of electric field results in intensification of ion- 
ization and further increase of electron density, which determines 
the instability. At higher pressures (Ven >> w), temperature perturba- 
tion also plays a role in development of the ionization instability. 
The instability results in formation of overheated filaments paral- 
lel to the electric field E. The maximum increment of the instability 
corresponds to perturbations with the wave vector: 


‘ 2\ 1/4 

əðln ki nee kine œ% (6.3.19) 

ka= ; 3. 
gi 3 ln E egm(w? + v2,) Da c? 


Here, D, is the coefficient of ambipolar diffusion; Ven is the frequency 
of electron-neutral collisions; c is the speed of light. The distance 
between the filaments formed as a result of the instability, can be 
estimated as | ~ 2x /Km. For electron temperatures about 1 eV, elec- 
tron density close to the critical one (when microwave frequency is 
close to plasma frequency), pressure of air 200 Torr and wave length 
x = 1cm, the distance between filaments is about 0.2-0.3 cm. 


6.4 Nonthermal Plasma Fluid Mechanics in Fast Subsonic 
and Supersonic Flows 


6.4.1 Nonequilibrium Supersonic and Fast Subsonic Plasma-Chemical 
Systems 


The optimal energy input in energy-effective plasma-chemical systems 
should be about 1 eV/mol at moderate and high pressures. This determines 
the proportionality between discharge power and gas flow rate in the optimal 
regimes of plasma-chemical processes: high discharge power requires high 
flow rates through the discharge. The gas flow rates through the discharge 
plasma zone are limited. Instabilities restrict space-sizes and pressures of 
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the steady-state discharge systems; velocities are usually limited by speed 
of sound. As a result, the flow rate and, hence, power are restricted by some 
critical value, see Ageeva et al. (1986). Higher powers of steady-state, nonequi- 
librium discharges can be reached in supersonic gas flows. Under such 
conditions, maximum power of a steady-state, nonequilibrium microwave 
discharge was increased up to 1 MW (Legasov et al., 1983). A simplified 
scheme and flow parameters of sucha discharge system (power 500 kW, Mach 
number M = 3) is presented in Figure 6.13. Ignition of the nonequilibrium 
discharge takes place in this case after a supersonic nozzle ina relatively low- 
pressure zone. In the after-discharge zone, pressure is restored in a diffuser, 
so initial and final pressures are more than atmospheric pressure. Besides the 
two mentioned technological advantages of the nonthermal, supersonic dis- 
charges, high values of power and pressure (before and after the discharge), 
two other more fundamental points of interest should be mentioned. Gas tem- 
perature in the discharge is much less than room temperature (down to 100 
K, see Figure 6.13), which provides low VT-relaxation rates and much higher 
levels of nonequilibrium. Also the high flow velocities make this discharge 
more stable with respect to contraction at higher pressures and energy inputs 
(Provorov and Chebotaev, 1977). For example, homogeneous glow discharges 
can be organized in atmospheric pressure, fast flows at energy input 0.5 kJ/g 
(Gibbs and McLeary, 1971; Hill, 1971). 


6.4.2 Gas Dynamic Parameters of Supersonic Discharges: Critical 
Heat Release 


Plasma, and therefore the heat release zone in supersonic discharge 
(Figure 6.13), is located between the nozzle and diffuser. The gas flow beyond 
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Typical parameters of a nozzle system. Subscripts 1 and 2 are related to the inlet and exit of a 
discharge zone. Subscript 3 is related to exit from the nozzle system. Subscript 0 is related to 
stagnation pressure and temperature. 
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the heat release zone (and shock in the diffuser) can be considered as isentropic 
at high Reynolds numbers and smooth duct profile. Gas pressure p, density 
no and temperature T are related in the isentropic zones to the Mach number 
Mas 


Y 
zi yl 
p (1 ¥ 17m?) "S const, (6.4.1) 
LA 
= Yy- 
no (1 fs Yiu) = const, (6.4.2) 
=a 
T (1 + vu) = const. (6.4.3) 


Here, y is the specific heat ratio. The Mach number M is determined by 
variation of the cross section S of plasma-chemical system (duct): 


ytl 
X1 


—1 2(1—y) 
SM (: $ vu) ” = const. (6.4.4) 


The above equations permit calculating the supersonic gas flow parame- 
ters at the beginning of the discharge as a function of gas parameters in the 
initial tank and Mach number after the nozzle. Data for CO? are presented in 
Figure 6.14. For example, if initial tank pressure is about 5 atm at room tem- 
perature and M = 0.05, then in the supersonic flow after nozzle and before 
the discharge the gas pressure is 0.1 atm, Mach number M ~ 3 and gas tem- 
perature T ~ 100 K. The supersonic gas motion in the discharge zone and 
afterwards strongly depends on the plasma heat release q. This plasma heat 
release leads to an increase of stagnation temperature ATo = q/cp, and there- 
fore decreases the velocity according to the relations for the supersonic flow 
in the duct with the constant cross section: 


VTi My1+* Mv? 


FOD = const, f(M) = EE (6.4.5) 


Equation 6.4.5 permits determining the critical heat release for the super- 
sonic reactor with constant cross section, which corresponds to the decrease of 
the initial Mach number from M > 1 before the discharge to M = 1 afterwards: 


(1+ yM?)* 
2(y + DM? (1+ 251M?) 


fcr = CpTo0 (6.4.6) 


Here, Too is the initial gas temperature in the tank; the reactor cross section 
in the discharge zone is considered constant. As seen from Equation 6.4.6, 


Electrostatics, Electrodynamics, and Fluid Mechanics of Plasma 369 


Po, atm T;/ Too Pox atm q/c Too 


0.9 1.8 0.9 


30 
0.7 1.4 0.7 


20 0.5 IA 1.0 0.5 


0.3 0.6 0.3 


0.1 0.2 0.1 


Mı 


FIGURE 6.14 

Gas dynamic characteristics of a discharge in supersonic flow. Discharge inlet temperature T4 (1), 
initial tank pressure Pg, (2), exit pressure Pog at the critical heat release (3), critical heat release q 
(4) as functions of Mach number in front of discharge. Initial gas tank temperature Too = 300 K. 
Static pressure in front of discharge P4 = 0.1 atm. 


if the initial Mach number is not very close to unity, the critical heat release 
can be estimated as qcr © CpTo0. The critical heat release at different initial 
Mach numbers for the supersonic CO}? flow can be also found in Figure 6.14. 
Further increase of the heat release over the critical value leads to formation 
of nonsteady flow perturbations like shock waves, which are detrimental to 
nonequilibrium plasma systems. Such generation of shock waves will be dis- 
cussed in the last section of the chapter. Even taking into account the high 
energy efficiency of chemical reactions in supersonic flows, the critical heat 
release restricts the specific energy input and subsequently the degree of con- 
version of plasma-chemical process. The maximum degree of conversion of 
CO> dissociation in a supersonic microwave discharge (Too = 300K and M = 3) 
does not exceed 15-20%, even at the extremely high energy efficiency of about 
90% (Zyrichev et al., 1984). 


6.4.3 Supersonic Nozzle and Discharge Zone Profiling 


The effect of critical heat release on stability and efficiency of supersonic 
plasma-chemical systems can be mitigated by an increase of initial tempera- 
ture Too or by reagents dilution in noble gases. However, the most effective 
approach for suppressing the critical heat is by special profiling of the super- 
sonic nozzle and discharge zone (Potapkin et al., 1983). The supersonic 
reactor can be designed to maintain a constant Mach number during the heat 
release in the discharge zone. The cross section of the duct should gradually 
increase to accelerate the supersonic flow and compensate the deceleration 
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effect related to the heat release q. The heat release in this case has no limit. 
To provide the constant Mach number and conditions of unrestricted heat 
release, the reactor cross section S should increase with q as 


2 
yMo+1 


SS. i + aes | gs (6.4.7) 


T(cp + yMG/2) 


Here, Sg, Mo, and T are the reactor cross section, Mach number, and tem- 
perature, respectively, in the beginning of discharge zone; specific heat is 
dimensionless because energy, heat, and temperature are considered in the 
same units. With sufficiently large Mach numbers Equation 6.4.7 can be 
simplified and used for estimations as 


$~ 5 (1+ 1 ) a (6.4.8) 


Although the idea to keep the Mach number high without restrictions of 
heat release looks very attractive, the required increase of the discharge cross 
section is too large and not realistic for significant values of q/cpTo9. Reason- 
able increases in the cross section S/S 9 require nonconstant Mach number 
with constant pressure during the heat release in the supersonic reactor. The 
heat release in this case is not unlimited, but the critical limit here is not as 
serious as that for the reactor with constant cross section: 


Jer(p = const) = pl a: (6.4.9) 


At relatively high Mach numbers, this critical heat release at constant pres- 
sure is approximately qcr(p = const) ~ 5cpToo, for example, five times less 
than for the case of constant cross section. This is enough to permit relatively 
high specific energy input in the plasma and degree conversion (see discus- 
sion after Equation 6.4.6). To provide the conditions for the constant pressure 
plasma-chemical process, the required increase of the reactor cross section is 
much less than in Equation 6.4.8 and can be expressed as 


q q y—-1 2 
= a 1 ; Al 
a (1 ý r) m [2 i CpToo ( ar 2 Mi) wae 


For this constant pressure system, in order to obtain heat release values 
twice that of the critical value at S = const; it is necessary to increase the 
reactor cross section in the discharge zone by a factor of six. 
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FIGURE 6.15 

Pressure restoration in a diffuser (P93). M1, Mz are Mach numbers in the discharge inlet and 
exit. (1) My = 2, (2) Mı = 4, (3) Mı = 6. Dashed lines indicate ideal diffuser. Solid lines take into 
account nonideal shock waves. Static pressure at the discharge inlet = 0.1 atm. 


6.4.4 Pressure Restoration in Supersonic Discharge Systems 


The technological advantage of the supersonic plasma systems is the possibil- 
ity to operate a discharge at moderate pressures, while keeping system inlet 
and exit at high pressures. This requires an effective supersonic diffuser to 
restore the pressure after the discharge zone. Some relevant information on 
the pressure restoration after the supersonic discharge with different Mach 
numbers is presented in Figure 6.15. For this case, the initial pressure before 
supersonic nozzle was 3.8 atm at room temperature and the heat release was 
about half of the critical value. As can be seen from the figure, the pressure 
recovery can be quite decent (up to 1.5-2.5 atm), though heating and stop- 
ping of the supersonic flow in this way is obviously not optimal for pressure 
recovery. Energy efficiency of CO2 dissociation in a supersonic discharge is 
presented in Figure 6.16, taking into account the energy spent on gas compres- 
sion for nonconverted gas recirculation (Zyrichev etal., 1984). A comparison of 
Figure 6.16 with Figure 5.6.2 (pure plasma-chemical efficiency of the process) 
shows that energy spent on compression in this supersonic system is about 
10% of the total process energy cost. As seen from the Figure 6.16, the energy 
cost of compression makes the process less effective at high Mach numbers 
(M > 3). This occurs even though the plasma-chemical efficiency increases 
with Mach number because of reduction of vibrational relaxation losses. 


6.4.5 Fluid Mechanics Equations of Vibrational Relaxation in Fast Subsonic 
and Supersonic Flows of Nonthermal Reactive Plasma 


Consider the vibrational relaxation in fast subsonic and supersonic flows, 
taking into account gas compressibility and heat release in chemical reac- 
tions. Based on the kinetic scheme discussed in Section 5.6.7, the relevant 1D 
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FIGURE 6.16 
Gas density profiles in plasma-chemical reaction zone at different Mach numbers. 


equation can be taken as follows: 


1. Continuity equation: 
pu = const. (6.4.11) 


2. Momentum conservation equation: 
pt pu? = const. (6.4.12) 
3. Translational energy balance: 


sa 
a 


R ur 

( Lea ) = PgR (Tv) + Pyr. (6.4.13) 
yl 2 

4. Vibrational energy balance: 


ð 
puz lev (Tv)] = Pex an Pr(Ty) = Pyrt. (6.4.14) 


These equations include specific powers of chemical reaction (PR), VT- 
relaxation (Pyr), and vibrational excitation (Pex), which can be expressed as 


a [Na V 

Pr = kr(Ty)p (=) AQ, (6.4.15) 
2 Na 

ey ey (=) lev (Ty) — ev (T0)], (6.4.16) 


N 
Pex = keyntep— ho. (6.4.17) 
u 
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In these relations, kg (Ty), kvr(To), kev(Te) are the rate coefficients of chem- 
ical reaction, VT-relaxation, and vibrational excitation by electron impact; ne 
is the electron density; y = cp/cy is the specific heat ratio, taking into account 
that the heat capacities include in this case only the translational and rotational 
degrees of freedom; p, p, u, u are the pressure, density, velocity, and molec- 
ular mass of gas; Na is the Avogadro number; AQ is vibrational energy spent 
per one act of chemical reaction; § is the fraction of this vibrational energy, 
which goes into translational degrees of freedom; Ty, To are vibrational and 
translational temperatures. Introduce a new dimensionless density variable 
y = po/p(x), assume Ty © hw > To and also use the ideal gas equation of state: 


p= “BT. (6.4.18) 


Then rewrite the system of relaxation dynamic Equations 6.4.11 through 
6.4.14 in the form 


u = Hoy, (6.4.19) 

To = Tool + yMo)y — yMoy" (6.4.20) 

4 - ly (1 + yMg) — 1H Mi | = §Qr + Qvr, (6.4.21) 
pit (Ty) = ae hoy — CpTooQr — cpTooQvr- (6.4.22) 


In this system of equations 


_ kęR(Tv)no AQ kyr(Too)no he 
= —— |, Qvr= ; 
uo CpToo uo CpT 00 


QR 


(6.4.23) 


M is the Mach number; no is gas concentration; the subscript “0” means that 
the corresponding parameter is related to the inlet of the plasma-chemical 
reaction zone. Analyze the solution of the system of equations (Equations 
6.4.19 and 6.4.20) for the cases of strong and weak contribution of the chemical 
heat release (£). 


6.4.6 Dynamics of Vibrational Relaxation in Fast Subsonic 
and Supersonic Flows 


If the contribution of the chemical heat release can be neglected (EAQ « Qyr), 
then Equation 6.4.21 can be solved with respect to the reduced gas density 
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y = p(x)/ po and analyzed in the following integral form (Kirillov et al., 1984b): 


y 

Mî — 1)M2y’] dy’ 
| P+ Y+DMoy lay _ kono ho (6.4.24) 
1 


ex p| T/3 (y+ yM3) — (y' ma uo CpT 00 


In the integration of Equation 6.4.21, the vibrational relaxation rate coef- 


ficient was taken as kyt(To) = ko exp(—B/ Ea 3) based on the Landau-Teller 
approach (see Section 3.4.3). The dependence of p(x), calculated from Equa- 
tion 6.4.24, is presented in Figure 6.16 for supersonic flows with different 
initial Mach numbers. As can be seen from the figure, the growth of density 
during vibrational relaxation in supersonic flow is “explosive,” which reflects 
the thermal mode of the overheating instability of vibrational relaxation dis- 
cussed in Section 6.3.4 and illustrated in Figure 6.9. The density during the 
explosive overheating is a specific feature of supersonic flow. Explosions simi- 
lar to those shown in Figure 6.16 can be observed in the growth of temperature 
and pressure and in decrease of velocity during the vibrational relaxation 
in supersonic flow. Linearization of the system of Equations 6.4.19 through 
6.4.21 allows finding the increment Q (see Section 6.3) describing the common 
time scale for the explosive temperature growth and corresponding explosive 
changes of density and velocity: 


ho 2+ kyr (yM3 = 1) 
CpToo M3 -1 


Qyr = kvr(Too)n0 (6.4.25) 


Here, Too, no, and Mp are the initial translational temperature, gas den- 


sity, and Mach number at the beginning of the relaxation process; kyr = 
ð Inkyt/d In To the logarithmic sensitivity of vibrational relaxation rate coef- 


ficient to translational temperature (normally kvr > 2, see below). Equa- 
tion 6.4.25 shows that the dynamics of vibrational relaxation is qualitatively 
different at different Mach numbers: 


1. For subsonic flows with low Mach numbers 


Mo < ( Ee ) (6.4.26) 


kyr 


the increment (Equation 6.4.25) is positive (yr > 0) and the explo- 
sive heating takes place. At very low Mach numbers (M <1), 
Equation 6.4.25 for the increment can be simplified 


ho a 
Qvtr = kyt(Too0)no (kvt — 2). (6.4.27) 
CpT 00 
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FIGURE 6.17 
Relaxation frequency Qyr as a function of Mach number. Stagnation temperature Too = 100 K, 
density ng = 3 x 1018 cm~. 


This expression coincides with Equation 6.3.7 describing the incre- 
ment of ionization-overheating instability in thermal mode. The 
dependence of the overheating increment on Mach number Qyt(Mo) 
at fixed values of stagnation temperature and initial gas density is 
shown in Figure 6.17. The same dependence Qyr(Mo), but at fixed 
values, of thermodynamic temperature and initial gas density, is pre- 
sented in Figure 6.18. From these figures, the frequency (increment) 
of explosive vibrational relaxation decreases for subsonic flows as the 
Mach number increases. This phenomenon is due to the fact that the 
relaxation heat release at higher Mach numbers contributes more to 
flow acceleration than temperature growth. 


2. For transonic flows with Mach numbers 


1 2 
1 (1 r =) 2 Meza (6.4.28) 
Y kyrt 


the increment Equation 6.4.25 is negative (yr < 0) and the effect 
of explosive heating does not take place. The system is stable with 
respect to VT-relaxation overheating. 


3. For supersonic flows (M > 1) the increment Equation 6.4.25 again 
becomes positive (Qyr > 0) and the effect of explosive overheating. 
takes place. At high Mach numbers 


ho 


Qytr ~ kyr(Too)no kyr, (6.4.29) 


Y 
Cp + 00 


which exceeds the increment Equation 6.4.27 for subsonic flows. 
Hence the overheating instability is faster in the supersonic flows. 
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FIGURE 6.18 
Relaxation frequency Qyr as a function of Mach number at the fixed thermodynamic tempera- 
ture Too = 100 K, density ng = 3 x 1018 cm. 


This can be explained noting that heating of the supersonic flow not 
only increases its temperature directly but also decelerates the flow, 
which leads to additional temperature growth. This effect can be seen 
in Figure 6.18, where the initial thermodynamic temperature is fixed. 
If the stagnation temperature is fixed, then the increase in Mach num- 
ber results first in significant cooling. According to the Landau-Teller 
approach, this provides low values of the relaxation rate coefficient 
kyr and significant reduction of the overheating instability increment 
Equation 6.4.29, which can be seen in Figure 6.17. 


6.4.7 Effect of Chemical Heat Release on Dynamics of Vibrational 
Relaxation in Supersonic Flows 


Linearization of the system of equations describing vibrational relaxation 
in fast flows, taking into account the chemical heat release, leads to the 
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overheating instability increment: 


ho 2+ kyr(yM} — 1) 
pToo M3 -1 


2&AQ 
(M3 — 1)cpToo 


(6.4.30) 


+ kr (Ty) no 


Qyt = kyr (Too)no 


This expression for increment coincides with the corresponding equa- 
tion (Equation 6.4.25) in the absence of the chemical heat release (§ = 0). It is 
interesting that the chemical heat release stabilizes the overheating in subsonic 
flows where the second term in Equation 6.4.30 is negative. This effect has the 
same explanation as that for stabilizing overheating in transonic flows (see the 
above Section 6.4.6). In supersonic flows, the chemical heat release obviously 
accelerates the overheating. Note that the plasma-chemical reaction rate coef- 
ficient is a function of vibrational temperature, which was considered in this 
case as unperturbed. Equation 6.4.30 implies that the plasma-chemical reac- 
tion and hence, the chemical heat release take place throughout the relaxation 
process. This is not the case in processes, stimulated by vibrational excitation, 
where the reaction time is shorter than relaxation (see Section 5.6.7). Taking 
this fact into account, time averaging of Equation 6.4.30 gives the following 
corrected expression for the increment of overheating: 


ho 2+ kyr(yM? — 1) 


GT 2 4R 
P °° My —1—-2—7 
p+ 00 


(Qyr) = kyvr(Too)no (6.4.31) 


Here, qr is the total integral chemical heat release per molecule, which 
is the total energy transfer into translational degrees of freedom related to 
VV-exchange, VT-relaxation from high vibrational levels and heating due 
to exothermic chemical reactions. When the chemical heat release can be 
neglected, Equation 6.4.31 also coincides with Equation 6.4.25. The values of 
the overheating increment Qyr are recalculated often into the length 1/A or 
reverse length A of vibrational relaxation. Typical dependence of the reverse 
length A of vibrational relaxation taking into account the chemical heat release 
on the initial Mach number Mp is presented in Figure 6.19. This figure also 
permits comparing results of detailed modeling with analytical formulas of 
the above-considered linear approximation. 


6.4.8 Spatial Nonuniformity of Vibrational Relaxation in Chemically 
Active Plasma 


Assume 1D distribution of vibrational Ty(x) and translational To(x) temper- 
atures with fluctuations: 


Tot =0, x) = To +g), Ty(t=0, x) = Tvo +h). (6.4.32) 
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FIGURE 6.19 

Inverse length of vibrational relaxation as a function of Mach number at the discharge inlet. 
Stagnation temperature Too = 300 K is fixed. (1) Numerical calculation. (2 and 3) Analytical 
model. 


Because of the strong exponential temperature dependence of VT-relaxation 
rate, heat transfer is unable to restore spatial uniformity of the temperatures 
when the density of vibrationally excited molecule is relatively high and 
heterogeneous vibrational relaxation can be neglected. The effect of convec- 
tive heat transfer on the spatial nonuniformity of vibrational relaxation in 
chemically active plasma is quite sophisticated (Kirillov, Potapkin, Strelkova, 
1984). However, at low Peclet numbers, the problem can be simplified tak- 
ing into consideration only vibrational and translational energy conduction, 
VT-relaxation and chemical reactions: 


oT, oT 
nocy -2 = kp À + kyrneley (Ty) — ey (T0)] + Eke AQ, (6.4.33) 
at ax2 0 0 
ƏT. oT. 
nocy Se = way — kvrnglev (Tv) — ev(To)] — krng AQ. (6.4.34) 


Here, dy, XT, CY, Cy are vibrational and translational coefficients of ther- 
mal conductivities and specific heats. To analyze time and spatial evolution 
of small perturbations T} (x,t), Ty1(x,t) of the translational and vibrational 
temperatures, the system of equations (Equations 6.4.33 and 6.4.34) can be 
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linearized 
aT aT 
SO = orTi + orvTv + Dr, (6.4.35) 
ot ox 
aT. aT 
f= wytT1 + øyyTvı + Dy —". (6.4.36) 
ot ox 
Here, the following frequencies have been introduced 
Ty) — ey (To) s Y(T 
orr = kyrno [= i 2| , (6.4.37) 
cy To Cy 
AO » 
OvvV = kvrno kano kr, (6.4.38) 


XTy 


which characterize the changes of translational temperature due to perturba- 
tions of To and changes of vibrational temperature to perturbations of Ty. In 
a similar way, two other frequencies 
cy (T. AQ » 
OTV = kext ee. + ae (6.4.39) 
Cy fa ee 
Cy ty(Ty) — ev (To) « cy (To) 
kyT . 
ron (Ty) cvTo Cy 


OTT = kytno (6.4.40) 
describe changes of translational temperature due to perturbations of Ty and 
changes of vibrational temperature due to perturbations of Tp. Here, loga- 
rithmic sensitivity factors are kr = ð ln kg/ð ln Ty and kvr = ð ln kyr/ô ln To; 
DT = dT /Nocy and Dy = hy / nocy are the reduced coefficients of translational 
and vibrational thermal conductivity. To obtain the dispersion equation for 
evolution of fluctuations of vibrational and translational temperatures, con- 
sider the temperature perturbations in the linearized system of Equations 
6.4.35 and 6.4.36 in the exponential form with amplitudes A and B as 


Tı(x, t) = Acoskx exp(At), Tyi(x,t) = Bcoskx exp(At). (6.4.41) 


The system of Equations 6.4.35 and 6.4.36 then leads to the following dis- 
persion equation relating increment A of amplification of the perturbations 
with their wave number k: 


(A — 24) (A — OK) = wvrory. (6.4.42) 


In this dispersion equation, 9%. and 9%, are the so-called thermal and 
vibrational modes, which are determined by the wave number k as 


QK = orr — Drk, (6.4.43) 
O% = wrr — Dyk’. (6.4.44) 
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One can note that wyrwrty is the nonlinear coupling parameter between 
the vibrational and thermal modes. If the product is equal to zero, the modes 
(Equations 6.4.43 and 6.4.44) are independent. The solution of Equation 6.4.42 
with respect to the incrementA (k) can be presented as 


Qk Æ Qk (ak Qk 2 
Ai(k) = T 7 V s T 7 y + WYTOTYV- (6.4.45) 


This increment describes the initial linear phase of the spatial nonuniform 
vibrational relaxation in chemically active plasma, which results in different 
effects on structure formation in the discharge. 


6.4.9 Space Structure of Unstable Vibrational Relaxation 


Analysis of different spatially nonuniform VT-relaxation instability spec- 
tra, expressed by the dispersion Equation 6.4.45 (Kirillov et al., 1984c,d) 
shows a variety of possible phenomena in the system including interaction 
between the instability modes, wave propagation, and so on. The following 
relation between the frequencies can usually characterize plasma-chemical 
processes stimulated by vibrational excitation of molecules: wrr > 0, wyv < 
0, wytwty <0, max{@v, wr} > |wyTwtvl, which greatly simplified the 
analysis of the dispersion equation. In this case, growth of the initial tem- 
perature perturbations (Equation 6.4.41) is controlled by the thermal mode 
and takes place under the following condition: 


Drk? > 0. 


Ty) — ey (To) 4 Y(T, 
ok = orr ~ Dk? = kya | = v) = tv OA a 2] 
v 


cv To 
(6.4.46) 


Stability diagrams or dispersion curves Re A (k?), which illustrates the 
evolution of temperature perturbations at Dr > Dy and frequency relations 
mentioned above, are shown in Figure 6.20. Obviously, Re A (k2) > 0 means 
amplification of initial perturbations, and Re A (k2) < 0, their stabilization. As 
can be seen from the Figure 6.20, the unstable harmonics (Equation 6.4.41) cor- 
respond to the thermal mode (Equation 6.4.46), which is related to A line on 
the figure. Thus, during the linear phase of the relaxation process: short-scale 
perturbations k > ke = ./wtr/Dr decrease and disappear because of thermal 
conductivity, while perturbations with longer wavelength > Ko = 27 /ker 
grow exponentially. When the amplitudes of the temperature perturbations 
become sufficiently large, the regime of the vibrational relaxation is non- 
linear. This results in the formation of a high-gradient spatial structures, 
which consists of periodical temperature zones with quite different relax- 
ation times. Minimal distance between such zones can be determined by the 
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FIGURE 6.20 
Re A as a function of perturbation wave number. 


above-calculated critical wavelength: 


DrceyT, 
her = 20 i va . (6.4.47) 
kytnokyt (ev (Ty) — ev(T)) 


Formation of the spatial structure of temperature provided by vibrational 
relaxation on the nonlinear phase of evolution is shown in Figure 6.21 (Kirillov 
et al., 1984c,d) For CO, (nọ = 3 x 10!8cm-) with the following initial and 
boundary (x = 0, L) conditions: 


aT 
To(x, t = 0) = 100K, Ty(x, t = 0) = 2500K, = =0,L; £) 


T. 
E “(x =0,L; t) =0. 
Ox 


Initial perturbations of vibrational temperature were taken as “white 
noise” with the mean-square deviation (8T) = 0.8 x 1074K?. As seen from 
Figure 6.21, the evolution of perturbations can be subdivided into two 
phases: linear (t < 5 x 1074s) and nonlinear (t > 5 x 1074s). The linear phase 
can be characterized by damping of the short-scale perturbations and, 
hence, by an approximate 100 times decrease of the mean-square level of 
fluctuations (ŝTĝ) (see Figure 6.22). In the nonlinear phase, perturbations grow 
significantly (see Figure 6.22), forming the structures with characteristic sizes 
about 0.1-0.2 cm in accordance with Equation 6.4.47. 


382 Plasma Physics and Engineering 


0.1 0.2 0.3 0.4 


FIGURE 6.21 
Dynamics of the space nonuniform relaxation. Dashed lines indicate uniform solution. 
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FIGURE 6.22 
Time evolution of translational temperature mean square deviation. 
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6.4.10 Plasma Interaction with High Speed Flows and Shocks 


Weak ionization of gases results in large changes in the standoff distance 
ahead of a blunt body in ballistic tunnels, in reduced drag, and in modifi- 
cations of traveling shocks. These plasma effects are of practical importance 
for high-speed aerodynamics and flight control. It is clear that energy addi- 
tion to the flow results in an increase in the local sound speed that leads 
to expected modifications of the flow and changes to the pressure distri- 
bution around a vehicle due to the decrease in local Mach number. Intense 
research, however, has been focused recently on finding out specific strong 
plasma effects influencing high speed flows and shocks, which are the most 
attractive for applications. It has been demonstrated that although the heat- 
ing in many cases is global, experiments with positive columns, dielectric 
barrier discharges (DBD) and focused microwave plasmas can produce local- 
ized special energy deposition effects more attractive for energy efficiency 
in flow control. Numerous schemes have been proposed recently for modi- 
fying and controlling the flow around a hypersonic vehicle. These schemes 
include approaches for plasma generation, MHD flow control and power gen- 
eration, and other purely thermal approaches. Two major physical effects of 
heat addition to the flowfield lead to drag reduction at supersonic speeds: 
(1) reduction of density in front of the body due to the temperature increase 
(that assumes either constant heating or a pulsed heating source having time 
to equilibrate in pressure before impinging on the surface) and (2) coupling 
of the low density wake from the heated zone with the flowfield around the 
body, which can lead to a dramatically different flowfield (the effect is very 
large for blunt bodies, changing their flowfield into something more akin to 
the conical flow). Efficiency of the effect grows with Mach number. 


6.4.11 Aerodynamic Effects of Surface and Dielectric Barrier Discharges: 
Aerodynamic Plasma Actuators 


Surface discharges permit rapid and selective heating of a boundary layer 
at or slightly off the surface, as well as creating plasma zones for effective 
MHD interactions. The surface discharges for the supersonic and hypersonic 
aerodynamic applications have been organized using surface microwave dis- 
charges, DC, and pulsed discharges between surface mounted electrodes and 
internal volumes and sliding discharges. Surface discharges are effective for 
adding thermal energy to a boundary layer. Asymmetric DBD, with one elec- 
trode located inside (beneath) the barrier and another one mounted on top of 
the dielectric barrier and shifted aside, stimulate intensive “ion wind” along 
the barrier surface, influence boundary layers, and can be used as aerody- 
namic actuators. Aerodynamic plasma actuators attract significant interest 
lately in relation to flow control above different surfaces (aircraft wings, tur- 
bine blades, etc.). The ion wind pushes the neutral gas with not very high 
velocities (typically, 5-10 m/s at atmospheric pressure). However, even those 
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values of the DBD-stimulated gas velocities near the surface are able to make 
significant changes in the flow near the surface, especially when the flow 
speed is not high. The major contribution to the “ion wind” drag in the DBD 
plasma actuators is mostly due not to the DBD streamers themselves, but to 
the ion motion between the streamers when ions move along the surface from 
one electrode to another, similar to the case of corona discharges. During the 
phase when the electrode mounted on the barrier is positive, the positive ions 
create the wind and drag the flow. It is interesting that during the following 
phase when the electrode mounted on the barrier is negative, the negative ions 
formed by electron attachment to oxygen (in air) make a significant contribu- 
tion to total ion wind and drag the flow in the same direction. Application of 
the asymmetric nanosecond pulsed DBD permitted to Starikovsky and group 
achieving strong plasma effect on boundary layer at gas velocities close to the 
speed of sound. The effect in this case is not due to the ion wind, but to 
ultrafast boundary layer heating and shock wave generation. 


6.5 Electrostatic, Magneto-Hydrodynamic and Acoustic 
Waves in Plasma 


6.5.1 Electrostatic Plasma Waves 


Electrostatic plasma oscillations discussed in Section 6.1.6 are able to prop- 
agate in plasma as longitudinal waves. Electric fields in these longitudinal 
waves are in the direction of the wave propagation, which is the direction of 
wave vector K. To analyze these electrostatic plasma waves, the amplitude A! 
of oscillations of any macroscopic parameter A(x, t) can be considered small 
(A! « Ag). Then the oscillations A(x, t) for the linearized relevant equations 
can be expressed as 


A = Ap + A! expli(kx — wt)], (6.5.1) 


where Ao is value of the macroscopic parameter in absence of oscillations, 
k is the wave number, w is the wave frequency. To obtain the dispersion 
equation of the electrostatic plasma waves, consider the linearized system 
of Equation 6.5.1, including continuity Equation 4.2.16 for electrons, momen- 
tum conservation Equation 4.2.19 for the electron gas without dissipation, the 
adiabatic relation for the gas and Poisson equation: 


— ion} + ikneu! = 0, (6.5.2) 


p! 
Sor + ik-— + — =0, (6.5.3) 
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= 2 v=, (6.5.4) 
e 
ikE! = -ge (6.5.5) 


Here, nl, ut, pt, E! are the amplitude of oscillations of electron concentration, 
velocity, pressure, and electric field, ne is the unperturbed plasma density; 
e,m, and y are charge, mass, and specific heat ratio for an electron gas; po = 
nem (v2) = Mele is the electron gas pressure in the absence of oscillations; 
(v2) averaged square of electron velocity in direction of oscillations; Te is the 
electron temperature. The dispersion equation for the electrostatic plasma 
waves can be derived as 


T 2 
w= a E =f. (6.5.6) 
m eom 


Here, œp is the plasma frequency. From Equation 6.5.6, the electrostatic wave 
frequency is close to the plasma frequency if the wavelength 2x /k exceeds the 
Debye radius. In the opposite limit of short wavelengths, the phase velocity 
of the electrostatic waves corresponds to the thermal speed of electrons. 


6.5.2 Collisional Damping of Electrostatic Plasma Waves in Weakly lonized 
Plasma 


In the dispersion Equation 6.5.6 the electron-neutral collisions (frequency 
Ven), has been neglected. In weakly ionized plasma, electron and neutral 
collisions can influence the plasma oscillations quite significantly. Plasma 
oscillations actually do not exist when œ < ven. At higher frequencies w > ven, 
the electron-neutral collisions provide damping of the electrostatic plasma 
oscillations by corrected Equation 6.5.6 


T 
w = o} + re K2 — iven. (6.5.7) 


The amplitude of plasma oscillations (Equations 6.5.1 and 6.5.7) decays 
exponentially as a function of time: « exp(—Vent). This effect is called the 
collisional damping of the electrostatic plasma waves. The wave frequencies 
are usually near the Langmuir frequency, the numerical criterion of the exis- 
tence of electrostatic plasma waves with respect to the collisional damping 
can be expressed based on Equation 6.5.7 as 


Ve, cm~? 


z> 10712 cm?/. (6.5.8) 
no, cm~ 
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Here, no is the neutral gas density. In atmospheric pressure room temperature 
discharges no = 3 x 10'?cm~° and the criterion (Equation 6.5.8) requires high 
electron concentrations ne >> 10cm. 


6.5.3 The lonic Sound 


Electrostatic plasma oscillation related to motion of ions is called the ionic 
sound. The ionic sound waves are longitudinal as the electrostatic plasma 
waves; direction of electric field in the wave coincides with the direction of 
the wave vector K. To derive the dispersion equation of the ionic sound, 
consider the Poisson equation for the potential ¢ of the plasma oscillations: 


32o e 
ae = aa — ni). (6.5.9) 


Electrons quickly correlate their local instantaneous concentration in the 
wave ne(x, t) with the potential p(x, t) of the plasma oscillations in accordance 
with the Boltzmann distribution: 


Ne = Np exp (+2) ~ np (1 + se) ; (6.5.10) 
e e 


Here, the unperturbed density of the homogeneous plasma is np. Lineariz- 
ing Equation 6.5.1 permits obtaining from Equations 6.5.9 and 6.5.10, the 
expression for amplitude of oscillations of ion density: 


T 
nl = Ip ( +K :) . (6.5.11) 


Combining Equation 6.5.11 with the linearized motion equation for ions in 
electric field of the wave 


M— =eÈ = —eVọ, Moul = ekọ, (6.5.12) 
and with the linearized continuity equation for ions 


ani > 1 1 
E + V(njui)=0, on; =knpu;, (6.5.13) 


yields the dispersion equation for the ionic sound 


(>) SATTE ci =y ar (6.5.14) 
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Here, csi is the speed of ionic sound; M is mass of an ion; ij and ul are the 
ionic velocity and amplitude of its oscillation; rp is the Debye radius (Equa- 
tion 4.3.39). From Equation 6.5.14, the ionic sound waves w/k = csi propagate 
in plasma with wavelengths exceeding the Debye radius (krp « 1). For 
shorter wavelengths (krp > 1), Equation 6.5.14 describes plasma oscillations 


with the frequency 
Cai npe? 
;, = — = PE. . I 
PE oy V Meo ve) 


known as the plasma-ion frequency. 


6.5.4 Magneto-Hydrodynamic Waves 


Special types of waves occur in plasma magnetic field. Dispersion equations 
for such waves can be derived by the conventional routine of linearization of 
MHD equations. It is interesting to describe these MHD waves just by a physi- 
cal analysis of the oscillations of the magnetic field frozen in plasma. Consider 
plasma with high magnetic Reynolds number (Rem > 1), where the MHD 
approach can be applied and the magnetic field is frozen in plasma. Any dis- 
placement of the magnetic field H leads then to plasma displacement, plasma 
oscillations, and propagation of specific MHD waves. The propagation veloc- 
ity of the elastic oscillations can be determined using the conventional relation 
for speed of sound: va = ,/dp/0p, where p is pressure, and p = Mnp = Mne is 
the plasma’s density. The total pressure of the relatively cold plasma is equal 
to its magnetic pressure p = poH?/2, therefore 


d(uoH?/2)  fuoH aH (6516) 
a(Mnp) = M ðn, = 


Taking into account that the magnetic field is frozen in the plasma, the 
derivative in Equation 6.5.16 is: ðH/ðnp = H/np and the propagation velocity 
of the MHD waves in plasma is 


of PGHE > B 
p HOP 


This wave propagation velocity is known as the Alfven velocity. There 
are two types of plasma oscillations in magnetic field, which have the same 
Alfven velocity, but different directions of propagation. The plasma oscilla- 
tions propagating along the magnetic field like a wave propagating along 
elastic string is usually referred as the Alfven wave or MHD wave. Also, 
oscillations of a magnetic line induces oscillation of other nearby magnetic 


vA (6.5.17) 
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lines. This results in propagation perpendicular to the magnetic field of 
another wave with the same Alfven velocity. This wave is called the magnetic 
sound. These are the main features of the phenomena; more details regarding 
MHD, electrostatic, and other plasma waves can be found, for example, in 
Stix (1992). 


6.5.5 Collisionless Interaction of Electrostatic Plasma Waves 
with Electrons 


Consider the effect of energy exchange between electrons and plasma oscilla- 
tions without collisions. It is convenient to illustrate the collisionless energy 
exchange in a reference frame moving with a wave (where the wave is at rest, 
see Figure 6.23). An electron can be trapped in a potential well created by the 
wave, which leads to their effective interaction. If an electron moves in the 
reference frame of electrostatic wave with velocity “u” along the wave, and 
after reflection changes to the opposite direction and its velocity to “—u,” then 
change of electron energy due to the interaction with electrostatic wave is 


2 M(Uph + u)? m(Vph — u)? 
2 2 


= 2MVphi. (6.5.18) 


Here, Uph = © i) k is the phase velocity of the wave. If ọ is the amplitude of 
wave, then the typical velocity of a trapped electron in the reference frame of 
plasma wave isu ~ ./ep/mand typical energy exchange between electrostatic 
wave and a trapped electron can be estimated as 


2 
MO 
At © Upn./meg = eg me. (6.5.19) 
K 


Nontrapped electron 


> 


Trapped 


electron 


FIGURE 6.23 
Electron interaction with plasma oscillations. 
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In contrast to Equation 6.5.18, typical energy exchange between an 
electrostatic wave and an untrapped electron is approximately eg. This means 
that at low amplitudes of oscillations, the collisionless energy exchange 
is mostly due to the trapped electrons. The described collisionless energy 
exchange trends to equalize the electron distribution function f (v) at the level 
of electron velocities near to their resonance with the phase velocity of the 
wave. Actually, the equalization (trend to form plateau onf (v)) takes place in 
the range of electron velocities between Vpn — u and Upp + u. It has a typical 
frequency, corresponding to the frequency of a trapped electron oscillation in 
potential well of the wave: 


Elk 241 1 
Vew uk AE EE A = w, [Me (6.5.20) 
m m Eom Ne 


Here, k is the wave number; m is the electron mass; E! is the amplitude of 
electric field oscillation; wp is the plasma frequency; Ne, nt are electron density 
and amplitude of its oscillation. In Equation 6.5.20, the linearized Maxwell 
relation (Equation 6.5.5) between amplitudes of oscillations of electric field 
and electron density was taken into account. While the interaction of the 
electrons with Langmuir oscillations tend to forma plateau on f (v) at electron 
velocities close to vp = w/k, the electron-electron maxwellization collisions 
tends to restore the electron distribution function f (v). The frequency of the 
electron—electron maxwellization process can be found based on estimations 
of the thermal electron temperature vj and the electron—electron Coulomb 


cross section Cee aS 
Te et 
Vee = NeVTeSee © ne] — ———.-—. 6.5.21 
ee e evee e m (4neo)2T2 ( ) 


If the maxwellization frequency exceeds the electron—wave interaction fre- 

quency Vee > Vew, the electron distribution function is almost unperturbed 

by the collisionless interaction with the electrostatic wave. A comparison of 

the frequencies (Equations 6.5.20 and 6.5.21) shows that changes in the elec- 

tron distribution functions f (E) during the collisionless interaction can be 

neglected if relative perturbations of electron density is small: 
ng nee® 


— — r. 6.5.22 
Ne s (4ne9)>T3 ( ) 


It is clear from Figure 6.23 and Equation 6.5.18 that electrons with velocities 
Uph +U transfer their energy to electrostatic plasma wave, while electrons with 
velocities vpn — u receive energy from the plasma wave. Thus, the collisionless 
damping of electrostatic plasma oscillations takes place when 


SF oy = doh) <0. (6.5.23) 
OUx 
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FIGURE 6.24 
Electron energy distribution functions for electron beam interaction with plasma. Solid 
curve—initial distribution. Dashed curve—resulting distribution. 


Here, vy is the electron velocity component in the direction of wave propaga- 
tion; the derivative of the electron distribution function is taken at the electron 
velocity equal to the phase velocity vpn = w/k of the wave. The electron dis- 
tribution functions f (v) decreases at high velocities corresponding to Vpn, the 
inequality (Equation 6.5.23) is satisfied and the collisionless damping of the 
electrostatic plasma waves takes place. The opposite situation of amplifica- 
tion of the electrostatic plasma waves due to the interaction with electrons 
is also possible. Injection of an electron beam in plasma creates distribution 
function, where the derivative (Equation 6.5.23) is positive (see Figure 6.24); 
this corresponds to energy transfer from the electron beam and amplifica- 
tion of electrostatic plasma oscillations. The electron beam keeps transferring 
energy to plasma waves until the total electron distribution function becomes 
a decreasing function (see Figure 6.24). This so-called beam instability is used 
for stimulation of nonequilibrium plasma-beam discharge. 


6.5.6 Landau Damping 


If the inequality (Equation 6.5.23) is valid, the electrostatic plasma oscillations 
transfer energy to electrons as described above. Estimate the rate of this energy 
transfer from the plasma oscillations per unit time and per unit volume as 


aw 
ge [fv + u) —f(v — u) une Vew At © — = w (6.5.24) 


Taking into account that g? ~ (E!)*/k? ~ W/eok2, rewrite Equation 6.5.24 
in a conventional form for the decreasing specific energy W of damping 
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oscillations: 


vy = 2) > 0, (6.5.25) 


This damping of the electrostatic plasma waves W = Wo exp(—2yt) due to 
their collisionless interaction with electrons is known as the Landau damping 
(see, O'Neil, 1965; Kadomtsev, 1968). The existence criterion for electrostatic 
plasma oscillations can be expressed as y < w. This can be rewritten based on 
Equation 6.5.25 for plasma oscillations (w ~ wp) and a Maxwellian distribu- 
tion function as: krp « 1, where rp is the Debye radius. When this criterion 
is valid, the phase velocity of the plasma wave exceeds the thermal velocity 
of electrons. Then the plasma wave is able to trap only a small fraction of 
electrons from the tail of electron distribution function f (v) and damping of 
the wave is not strong. 


6.5.7 Beam Instability 


Consider dissipation of an electron beam injected to plasma. Assume that the 
velocity of the beam electrons exceeds the thermal velocity of plasma elec- 
trons and that the electron beam density is much less than plasma density 
(np < Np). Dissipation and stopping of the electron beam obviously can be 
provided by collisions with electrons, ions, or neutral particles. However, the 
dissipation and stopping of an electron beam sometimes can be faster than 
that; this is known as the beam instability or the Langmuir paradox. The effect 
of beam instability is actually opposite with respect to Landau damping. This 
was mentioned above and is illustrated in Figure 6.24. The electron beam 
(where the inequality (Equation 6.5.23) has an opposite direction) transfers 
energy to excitation and amplification of plasma oscillations. This collision- 
less dissipation of electron beam energy explains the Langmuir paradox. The 
dispersion equation for plasma waves in the presence of the electron beam can 
be derived by linearization of continuity equation, momentum conservation 
and Poisson equation: 


169) OO. Nb 


: 5.2 
w2 ii (œ — ku)? Np (26) 


Here, u is the electron beam velocity, œp is the plasma frequency. The 
strongest collisionless interaction of the electron beam is related to plasma 
waves with phase velocity close to the electron beam velocity |w/k — u| « 
w/k. Also the oscillation frequency w is close to the plasma frequency wp, 
because the electron beam density is much less than the plasma density (np « 
np). Taking into account these two facts and assuming w = œp + ô, |ò 7 Wp| <i, 
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the dispersion equation: 
1/3 
8 = Wp (=) e2rim/3 (6.5.27) 


where m is an integer. The amplification of the specific energy W « (E 1⁄2 
of plasma oscillations corresponds in accordance with Equation 6.5.1, to the 
imaginary part of œ (and hence 8). This amplification of the Langmuir oscilla- 
tion energy W again can be described by Equation 6.5.25 but with a negative 
coefficient y. 


aw | (2) 


ny \¥3 
= —2yW, yr -— Op = —0.69 (=) wp <0. (6.5.28) 
ot Np 


Thus, an electron beam is able to transfer effectively its energy into elec- 
trostatic plasma oscillations, which thereafter can dissipate to other plasma 
degrees of freedom (see Ivanov, 1977). 


6.5.8 Buneman Instability 


The beam instability considered above is an example of the so-called kinetic 
instabilities where the amplification of plasma oscillations is due to the dif- 
ference in the motion of different groups of charged particles (beam electrons 
and plasma electrons, in this case). Another example of such kinetic instabil- 
ities is the Buneman instability, which occurs if the average electron velocity 
differs from that of ions. To describe the Buneman instability assume that all 
plasma ions are at rest while all plasma electrons are moving with velocity u. 
As in the beam instability, electron energy dissipates to generate and amplify 
electrostatic plasma oscillations. The dispersion equation for the Buneman 
instability is similar to Equation 6.5.26; however, in this case, concentrations 
of two groups of charged particles (electrons and ions, no beam) are equal but 
their mass is very different (m/M < 1): 


2 2 
m op Dp 


~ M w2 a (œ — ku)?" 


(6.5.29) 


Taking into account m/M «1, Equation 6.5.29 predicts that œ — ku is 


close to the plasma frequency. Then assuming w = œp +ku +8, |8/op| «1, 
rewrite the dispersion relation (Equation 6.5.29) as 
2 
25 (O) 
p (6.5.30) 


op M (wp + ku + 8)? 
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The electrons interact most efficiently with a wave having the wave number: 
k = —@p/u. For this wave, based on Equation 6.5.30 


Lf Se 2Qnim/3 
8= (53) peT, (6.5.31) 


where m is an integer (the strongest plasma wave amplification corresponds to 
m = 1). Similar to Equations 6.5.27 and 6.5.28, the coefficient of amplification 
y of the electrostatic plasma oscillation amplitude is 


v3 m \1/3 my\1/3 
-y=Im3= (=a) wp = 0.69 (z) Wp. (6.5.32) 
Because k = —wp/u, the frequency of the amplified plasma oscillations for the 


Buneman instability is close to the coefficient of wave amplification: œ ~ |y| 
(see Mikhailovski, 1998a,b). 


6.5.9 Dispersion and Amplification of Acoustic Waves in Nonequilibrium 
Weakly lonized Plasma, General Dispersion Equation 


Nonequilibrium plasma of molecular gases is able to amplify acoustic waves 
due to different relaxation mechanisms. In principle, amplification of sound, 
related to phased heating has been known since 1878 (Rayleigh, 1878). The 
Rayleigh mechanism of acoustic instability in weakly ionized plasma due 
to Joule heating was analyzed by different authors (see Jacob and Mani, 
1975). Consider the dispersion k(w) and amplification of acoustic waves in 
nonequilibrium chemically active plasma, taking into account a heat release 
provided by vibrational relaxation and chemical reactions. Chemical reactions 
are assumed stimulated by vibrational excitation of molecules. Linearizing the 
continuity equation, momentum conservation and balance of translational 
and vibrational energies, the dispersion equation for acoustic waves (Equa- 
tion 6.5.1) in the vibrationally nonequilibrium chemically active plasma can 
be given (Kirillov et al.,1983a) as 


kc? 
(œ — k)? 
iœ- Köler (y =D) + en] — (Evër — erēv)Y = 1) + (Eny — evën)y 
(œ — Kb)? + i(w — kB) (en — er — yey) + y(evêr — eréy) + y(enêy — even) 
(6.5.33) 


In this dispersion equation, cs = y yTo/M is the “frozen” speed of sound 
(which means that vibrational degrees of freedom are “frozen” and do not 
follow variations of To); M is mass of heavy particles; y is the specific heat 
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ratio; Ù is the gas velocity; en7,y and @,7, are of the translational (e) and 
vibrational (ê) temperatures changes related to perturbations of respectively, 
gas concentration no, translational To and vibrational Ty temperatures: 


en = 2(vvT + VR), (6.5.34) 
z cy (To) 
er = kytvvt — kyrno -= (6.5.35) 
v 
V(Ty)T. A 
ey = haim SN + kREWR, (6.5.36) 
cvTo 

- CyTo ə ln ne CvTo cyvTo 

= 2 2 , (6.5.37 
ASV ATIT ( ain 4 ME iy Ea 
= A cCyvTo To 

= —k k — D 
eT VTVVT OTT, + kyTNo T,’ (6.5.38) 
= A CyT 
ey = —kyrno — kryr F T 7 : (6.5.39) 

v Vv Vv 


The characteristic frequencies of VT-relaxation, chemical reaction, and 
vibrational excitation of molecules by electron impact (Equations 6.5.34 
through 6.5.39) can be expressed respectively, by 


y—1_ kyrnplev(Ty) — £v(T0)] 


WES ; (6.5.40) 
y p 
—1 kpnda 

gaa (6.5.41) 
y p 
-1 k h 

wpe n a (6.5.42) 
y 


Here, ey(Ty) = ħw/(exp(ħw/Tv) — 1) is the average vibrational energy of 
molecules; cy, c% are translational and vibrational heat capacities; p = noTo is 
the gas pressure; key, kyr, and kp are rate coefficients of vibrational excita- 
tion, vibrational relaxation, and chemical reaction; ne and no are electron and 
gas concentrations; AQ is the vibrational energy consumption per one act of 
chemical reaction; § is that part of the energy which is going into translational 
degrees of freedom (the chemical heat release); the dimensionless factors 
kr = 0Inkg(Ty)/dTy, kyr = 0 ln kyr/ô ln To represent before the logarithmic 
sensitivities of rate coefficients kp and kyr to vibrational and translational 
temperatures, respectively. Equation 6.5.33 describes not only propagation of 
sound but also evolution of aperiodic perturbations as well. If w = 0, Equa- 
tion 6.5.33 leads to Equation 6.4.25 for frequency and length of relaxation 
in a fast flow. Without heat release, the dispersion (Equation 6.5.33) gives 
Uph = V + cs and describes sound waves propagating along gas flow. 
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6.5.10 Analysis of Dispersion Equation for Sound Propagation in 
Nonequilibrium Chemically Active Plasma 


Analyze the dispersion Equation 6.5.33 in gas at rest (ko =0, though some 
results can be generalized). The frequency w will be considered a real num- 
ber, while the wave k = kọ — iò will be considered as a complex number. 
Then kp characterizes the acoustic wavelength, and ô is related to the space 
amplification of sound. 


1. Acoustic wave in molecular gas at equilibrium. There is no especial vibra- 
tional excitation in this case and without sound Ty = To. If the VT- 
relaxation time is constant (tyr = const), then Equation 6.5.33 gives 
the well-known dispersion equation of relaxation gas-dynamics: 


Cc 
k2e2 -S — 
2 =14 oe aa (6.5.43) 
w — 10TyT 


At the high frequency limit, the acoustic wave propagates with the 
“frozen” sound velocity cs (vibrational degrees of freedom are frozen 
that is not participating in the sound propagation). The acoustic 
wave velocity at low frequencies (wtyr < 1) is the conventional 
equilibrium speed of sound ce. The sound waves are always damp- 
ing (Equation 6.5.43), but the maximum damping takes place when 
wtyt © 1. The phase velocity vpn and damping ò f: ko as functions of 
wtvt are shown in Figure 6.25. 


5/ko Vph 
0.6 1.2 
oahl < u> Jog 
0.2 A 0.4 
0 0 
1071 10° 10! 
OTyT 


FIGURE 6.25 
Phase velocity (in speed of sound units) and attenuation coefficient as functions of relaxation 
parameter. 
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2. Acoustic wave in high-frequency limit. The gas is initially nonequilib- 
rium Ty > Tọ, and the sound frequency exceeds the relaxation fre- 
quencies (Equations 6.5.34 through 6.5.39): œw >> max{én,eT,...,ev}. 
The dispersion (Equation 6.5.33) can be simplified at these conditions 
and expressed as 


ec. 1 iY — Dkvrvvr + 2(vyr + vp) 


2 w 


(6.5.44) 


The wave propagates in this limit at the “frozen” sound velocity with 
slight dispersion: 


—1)Ń 2 2 
beh = ° = h ((y — Dkvtvvt = (vvt + &vr)) l . (6.5.45) 
0 8w 


The initial vibrational-translational nonequilibrium results in the 
amplification of acoustic waves (in contrast to the relaxation gas- 
dynamics Equation 6.5.43). The amplification coefficient (increment) 
of the acoustic waves in the nonequilibrium gas at the high frequency 
limit can be obtained from Equation 6.5.44 as 


a Gey Dkyrvyr + 2(vyr + £v) 
ko 20 i 


(6.5.46) 


3. Acoustic wave dispersion in the presence of intensive plasma-chemical reac- 
tion. This case is of the most practical interest for plasma-chemical 
applications. It implies that the reaction frequency greatly exceeds 
the frequency of vibrational relaxation, heating is mostly related to 
the chemical heat release (Ev, >> vyr), and the steady state Ty is bal- 
anced by vibrational excitation and chemical reaction (see Section 
5.6.7). The general dispersion (Equation 6.5.33) can be simplified in 
this case to 

ke2 = sed + bye, l (6.547) 
w? + iœcvr + bvå 


The dimensionless parameters a, b, and c can be found from the relations: 


CyTo dln kr din Ne CyTo ð ln kr 
= 2 7 b = — 1 , = 2 . 
á EYT, ə ln Ty ə ln no j Ai YIT, 3 ln Ty 
(6.5.48) 


Take parameters for the nonequilibrium supersonic discharge in CO2: 
Ty = 3500K, To = 100K, Ea = 5.5eV, dInkg/dInTy ~ Ea/Tv = 18, § = 1077, 
d Inne/d Inno © (—3) to (—5). In this case, according to Equation 6.5.48 a ~ 
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TABLE 6.3 


Characteristic Frequencies of Chemical Reaction vp (s71) and VT-Relaxation 
vgR(sT!) at Different Tg and Ty 


Ty 


2500 K 3000 K 3500 K 4000 K 


To R(T) vyr) vRr(sTh vp (s4) vp (874) vyr(s74) vp (s74) vy (s74) 
100K 7x10 3x10? 3x10 4x10? 4x10 5x10? 3x10 7x102 
300K 2x10 14x10 1x10 1.6x10¢ 1x106 19x10% 1x108 2.7.x 104 
700K 1x10 1x10 4x10 12x10 5x10 13x10 5x10” 19x10 


Source: ng = 3 x 10cm73, Ea = 5.5eV, B = 72K1/. B is the Landau-Teller coefficient 
(Equation 3.4.19) for vibrational relaxation. 


b x 0.2, c 0.4. Numerical values for characteristic frequencies of chemi- 
cal reaction vr (Equation 6.5.41) and VT-relaxation vyr (Equation 6.5.40), 
corresponding to the example of CO, dissociation stimulated in plasma 
by vibrational excitation are given in Table 6.3. Different dispersion curves 
for acoustic waves in nonequilibrium plasma illustrating relation (Equation 
6.5.33), are presented in Figures 6.26 through 6.28. Phase velocities and wave- 
lengths as functions of frequency are given in Figure 6.26 for the case of 
intense chemical reaction (Equation 6.5.47). The acoustic wave amplification 
coefficients as a function of frequency are presented for the same case in Fig- 
ure 6.27. Wavelength and amplification coefficient as functions of frequency 
are illustrated in Figure 6.28 for the case when the heat release is mostly due to 
vibrational relaxation (vyr > vr). An interesting physical effect can be seen 
in Figure 6.27 illustrating the dependence of 8/ko(w). When the frequency w is 
decreasing, the amplification coefficient at first grows then passes maximum, 


(a) 22/0? (b) 


O/Vp 


FIGURE 6.26 
Refraction index (a) and wavelength (b) as functions of frequency. Translational temperature. (1) 
100 K, (2) 300 K, (3) 700 K. 
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(a) 8/ko 
1.0 
0.5 f 
0 
1 5 10 
FIGURE 6.27 


Wave amplification coefficients as functions of frequency. Translational temperature. (a) (1) 100 K, 
(2) 700 K. (b) (1) 100 K, (2) 300 K, (3) 700 K. 


and decreases reaching zero (è = 0) at frequency 


CyTo dInn 
w = RET £ h JE F (6.5.49) 
viv 


This effect is due to an increase of the phase-shift between oscillations 
of heating rate and pressure when frequency is decreasing (at high fre- 
quency limit this phase-shift is about 2&vp/w). Typical values of vp, vyr (see 
Table 6.3) are in the ultrasonic range of frequencies ( > 10°Hz, X < 0.1 cm). 
This provides possibilities to use the acoustic dispersion (Figures 6.26 through 
6.28) in ultrasonic diagnostics of plasma-chemical systems (Givotov et al., 
1985). 


(b) 8/ky 
1.0 
0.5 3 
0 
0 5 Vyr 


FIGURE 6.28 
(a) Wavelength i (in units œw/Cs) and (b) amplification coefficient o /kọ, as functions of frequency. 
Translational temperature (1) 100 K, (2) 300 K, (3) 700 K. 
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6.6 Propagation of Electro-Magnetic Waves in Plasma 


6.6.1 Complex Dielectric Permittivity of Plasma in High-Frequency 
Electric Fields 


Consider first, electromagnetic waves in nonmagnetized plasma. In this 
case, the complex dielectric permittivity and its components: high-frequency 
plasma conductivity and dielectric constant are the key concepts in describ- 
ing electromagnetic wave propagation. The 1D electron motion in the electric 
field E = Eo cos wt = Re(Ege’") of electromagnetic wave with frequency œ can 
be described as 

du 


mg = —eE — MuUven, (6.6.1) 


where ven is electron-neutral collision frequency, u = Re (uget) is the electron 
velocity, Ey and ug are amplitudes of the corresponding oscillations. The rela- 
tion between the amplitudes of electron velocity and electric field is complex 
and based on Equation 6.6.1 can be expressed as 


e 1 


—-—— Eo. 6.6.2 
mM Ven + iw 9 ( ) 


uo = 
The imaginary part of the coefficient between uo and Ep (complex elec- 
tron mobility) reflects a phase shift between them. Alternately, the Maxwell 
equation 


7 3È - 
curl H = ET +] (6.6.3) 
allows the total current density to be presented as the sum 


> dE + 
j= 05, +h (6.6.4) 


The first current density component in Equation 6.6.4 is related to displace- 
ment and its amplitude in complex form is e9iwEp. The second current density 
component in Equation 6.6.4 corresponds to the conduction current and has 
amplitude —eneuo. Then the amplitude of the total current is 


jio = imegEg — enelg. (6.6.5) 


Taking into account the complex electron mobility (Equation 6.6.2), Equa- 
tion 6.6.5 for the total current density and, hence, the Maxwell equation 6.6.3 
can be rewritten as 


2 


op 5 wp > 
jio = iweo | 1 — —————— | Eo, curl Ho = imeg | 1 — —————— | Eo. 
wlw — 1Ven) wlw — 1Ven) 
(6.6.6) 
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Here, œp is the electron plasma frequency. When considering electro- 
magnetic waves propagation, it is always convenient to keep the Maxwell 
equation 6.6.3 for the amplitude of magnetic field Ho in the form curl Ho = 
iwegeE. In this case, the conduction current is included into displacement 
current through introduction of the complex dielectric constant. According to 
Equation 6.6.6, this complex dielectric constant (or dielectric permittivity) in 
plasma can be presented as 


2 
ray 
e=1- P 


——. 6.7 
wlw — iVen) 6o 

This complex relation can be used for high frequency dielectric permittivity 
and conductivity. 


6.6.2 High-Frequency Plasma Conductivity and Dielectric Permittivity 


The complex dielectric constant in Equation 6.6.7 can be rewritten with 
specified real and imaginary parts: 


ETER (6.6.8) 


Eo 
Here, £o the real component of Equation 6.6.7 is the high-frequency dielectric 
constant of plasma 


wz 


eta os, 6.6.9 
e PR (6.6.9) 


Plasma can be considered a dielectric material. However, in contrast to 
conventional dielectrics with e > 1, the plasma is characterized by ¢ < 1. This 
can be explained noting that according to Equations 6.6.1 and 6.6.2, a free 
electron (without collisions) oscillates in phase with the electric field and in 
counter-phase with the electric force. As a result, polarization in plasma is 
negative. Negative polarization and e < 1 is typical not only for plasma, but 
also for metals and in the case of extremely high frequencies when electrons 
can be considered free. The imaginary component of Equation 6.6.7 corre- 
sponds to the high frequency conductivity, which based on Equation 6.6.8 
can be expressed as 

Nee? Ven 


pee i 6.6.10 
m(a? + v2) ( ) 


Equations 6.6.9 and 6.6.10 for the high frequency dielectric permittivity 
and conductivity can be simplified in two cases, in the so-called collisionless 
plasma and in the static limit. The collisionless plasma limit means w > ven- 
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For example, a microwave plasma can be considered collisionless at low 
pressures (about 3 Torr and less). In this case 


op 
Ow = ae es Ce (6.6.11) 
W 


The conductivity in a collisionless plasma is proportional to the electron- 
neutral collision frequency, and dielectric constant does not depend on the 
frequency ven. The ratio of conduction current to polarization current (which 
actually corresponds to displacement current) can be estimated as 


Jeonduction = Ow Ven : (6.6.12) 
Jpolarization €0® [fq — 1| (O 
The polarization current in collisionless plasma (ven « w) exceeds the con- 
ductivity current. In opposite case of the static limit ven >> w, the conductivity 
and dielectric permittivity are 


2 2 
Nee Op 
= y =1-—. 6.6.13 
ee Men i v2 ( ) 


In the static limit, the conductivity coincides with the conventional con- 
ductivity in DC-conditions (see Equation 4.3.8). In this case, the dielectric 
permittivity also does not depend on frequency. 


6.6.3 Propagation of Electromagnetic Waves in Plasma 


Electromagnetic wave propagation in plasmas can be described by the 
conventional wave equation derived from the Maxwell equations: 


- eÈ - 8H 
AE —- 5-5 =0, AH- =- =0. 6.6.14 
c at? c? at? ( 
Plasma peculiarities with respect to electromagnetic wave propagation are 
related to the complex dielectric permittivity e (Equations 6.6.7 and 6.6.8). The 
dispersion equation for electromagnetic wave propagation 


« = fe (6.6.15) 


is valid in plasma, again with the complex dielectric permittivity ¢ in form 
(Equations 6.6.7 and 6.6.8). In the wave, electric and magnetic fields can be 
considered as E, H « exp(—iwt + ik). Assuming the electromagnetic wave 
frequency w as real, the wave number k is complex, because £ is complex in 
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Equation 6.6.15. Separate the real and imaginary components of the wave 
number k based on Equation 6.6.15: 


k= = Je = >o + ik). (6.6.16) 


From this relation, the physical meaning of the parameter n is the refractive 
index of an electromagnetic wave in plasmas. The phase velocity of the wave 
is v = w/k = c/n, the wavelength in the plasma is } = \o/n (where Xo is the 
corresponding wavelength in vacuum). The wave number k characterizes the 
attenuation of electromagnetic wave in plasma; the wave amplitude decreases 
e“ times on the length 49/21. Taking into account Equation 6.6.8 for £, from 
Equation 6.6.16 the relation the between the refractive index and attenuation 
of electromagnetic wave n,« with high-frequency dielectric permittivity £% 
and conductivity oo is obtained 


n-k? = eo, 20k = 2, (6.6.17) 


Egw 


Solving these equations, explicit expression for electromagnetic wave atten- 
uation coefficient is 


1 
c= [5 (+ e2 + ; (6.6.18) 


From Equation 6.6.18, the attenuation of an electromagnetic wave in plasma is 
due to the conductivity if oo K ew; the electromagnetic field damping can 
be neglected. The explicit expression for the electromagnetic wave refractive 
index can also be obtained by solving the system of Equations 6.6.17: 


= & a+ so). (6.6.19) 
Ega 


If the conductivity is negligible, the refractive index n ~ ~/£o. The plasma 
polarization is negative and £a < 1, which means at the low conductivity limit 
n < 1. This results in an interesting conclusion: the velocity of a electromag- 
netic wave exceeds the speed of light vp, = c/n > c. The group velocity is 
obviously less than the speed of light. The above expression for the refractive 
indexn ~ ,/é, in the case of negligible conductivity leads together with Equa- 
tion 6.6.11 to the well-known form of dispersion equation for electromagnetic 
waves in collisionless plasma 


2 
— =1--4, o=o +k. (6.6.20) 
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FIGURE 6.29 
Electromagnetic and electrostatic plasma wave dispersion. 


Corresponding dispersion curve for electromagnetic waves in plasma is com- 
pared in Figure 6.29 with dispersion curve for electrostatic plasma waves. 
From Equation 6.6.20 and Figure 6.29, it is seen that the phase velocity in this 
case exceeds the speed of light as was mentioned above. Differentiation of 
the dispersion relation (Equation 6.6.20) gives the relation between the phase 
and group velocities of electromagnetic waves 


w do 
T” qg Te c. (6.6.21) 


6.6.4 Absorption of Electromagnetic Waves in Plasmas: Bouguer Law 


The energy flux of electromagnetic waves can be described by the Pointing 
vector 


> 


S = soc?[Ë x B], (6.6.22) 


where the electric and magnetic fields obviously should be averaged over 
the oscillation period. Electric and magnetic fields in the waves are related 
according to the Maxwell equations (when p = 1) as 


esgE? = woH?. (6.6.23) 


Thus, damping of the electric and magnetic field oscillations are propor- 
tional to each other and can be described by the attenuation coefficient 
(Equation 6.6.16). As a result, attenuation of the electromagnetic energy flux 
(Equation 6.6.22) in plasma follows the Bouguer law: 

ds 2KW Ow 


= bo p= = (6.6.24) 
dx c sonc 
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In the Bouguer law, uo is called the absorption coefficient. The energy flux 
S (the Pointing vector) decreases by a factor “e” over the length 1/uo. The 
product oS in the Bouguer law is actually the electromagnetic energy dis- 
sipated per unit volume of plasma, which obviously corresponds to energy 
dissipation according to the Joule heating law: 


WoS = £oc? (EB) = o (EP). (6.6.25) 


In general, the absorption coefficient aœ should be calculated from Equa- 
tion 6.6.24, taking the conductivity 0%, refractive index n and coefficient K 
from Equations 6.6.10, 6.6.19, and 6.6.18. If the plasma degree of ionization 
and absorption are relatively low, n ~ y£ © 1, then the expression for the 
absorption coefficient can be simplified and based on Equations 6.6.24 and 
6.6.10 expressed as 

Nee? Ven 


ae ea, 6.6.26 
P eomec(w? + v2) ( ) 


For practical calculations of electromagnetic wave absorption, it is convenient 
to use the following numerical formula, corresponding to Equation 6.6.26: 


Ven (871) 


-1 _ —3 
Mo,cm ~ = 0.106ne (cm ela 


(6.6.27) 


As seen from Equations 6.6.26 and 6.6.27, at high frequencies œw >> Ven the 
absorption coefficient is proportional to the square of the wavelength po « 
œT? x X2. This means that short electromagnetic wave propagates through 
plasma better than longer ones. 


6.6.5 Total Reflection of Electromagnetic Waves from Plasma: Critical 
Electron Density 


If the plasma conductivity is not high oo « weg |e|, electromagnetic wave 
propagates in plasma quite easily if the frequency is sufficiently high. When 
the frequency decreases, the dielectric permittivity £% = 1 — os /«* becomes 
negative and the electromagnetic wave is unable to propagate. According 
to Equations 6.6.18 and 6.6.19, the negative dielectric permittivity makes the 
refractive index equal to zero (n = 0) and attenuation coefficient k ~ Jel. 
The phase velocity tends to infinity and the group velocity of electromagnetic 
field is equal to zero. Then the depth of electromagnetic wave penetration in 
plasma 


-1/2 
ho do í 


l= = 1 
QnV/leq) 2x 


op 
p (6.6.28) 
(60) 
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FIGURE 6.30 
Electromagnetic wave reflection from plasma with density growing in vertical direction. 


does not depend on the conductivity and is not related to energy dissipation. 
Such nondissipative stopping corresponds to the total wave reflection from 
plasma. To illustrate the reflection, consider a wave propagating in nonuni- 
form plasma without significant dissipative absorption (see Figure 6.30). The 
electromagnetic wave propagates from areas with low electron density to 
areas where the density increases. The wave frequency is obviously fixed, but 
the plasma frequency increases together with the electron density leading 
to decrease of £. At the point when dielectric permittivity ¢ = 1 — wp /o* 
becomes equal to zero, the total reflection takes place. The total reflection 
of electromagnetic waves takes place when the electron density reaches the 
critical value, which can be found from œ = wp as 


2 
not — Eoma 
e P 


ne(cm™’) = 1.24 x 104 [f (MH2)1°. (6.6.29) 


Electromagnetic wave with frequency 3 GHz reflects from plasma with den- 
sity exceeding the critical value, which in this case equals about 10 cm™?. 
Atmospheric air is slightly ionized by solar radiation at heights exceed- 
ing 100 km; electron density in the ionosphere is about 104-10°cm73. This 
plasma reflects radio waves with frequencies about 1 MHz, providing for 


long-distance transmission. 


6.6.6 Electromagnetic Wave Propagation in Magnetized Plasma 


If the electric field direction of a plane-polarized wave coincides with the 
direction of external uniform magnetic field, the magnetic field does not influ- 
ence propagation of the electromagnetic wave. Interesting dispersion can 
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be observed in electromagnetic wave propagation along the uniform mag- 
netic field. Neglecting collisions (ven « w), an electron motion equation in 
the transverse wave propagating along the magnetic field Bo is given as 


do = eS 
I ex (ETD x Bol (6.6.30) 
dt m 
If ion motion is neglected, the motion in Equation 6.6.30 can be rewritten 
using j = —NeeE: 
di naeg bee: a 
== E-— Bol. 16.31 
a el x Bol (6.6.31) 


To describe the electromagnetic wave dispersion in magnetized plasma, con- 
sider Equation 6.6.31 together with the electromagnetic wave equation in 
conventional form: 


1 3E aj 
za “g=! (6.6.32) 


In contrast to the similar wave (Equation 6.6.14), in the Equation 6.6.32 the 
complex dielectric permittivity is replaced by an additional term related to 
conduction current. Next look for a solution of Equations 6.6.31 and 6.6.32 for 
a circularly polarized electromagnetic wave, when the electric vector rotates 
in a plane (x, y) perpendicular to direction z of the wave propagation 


Ex = Eo cos(wt — kz), Ey = +Eosin(%wt — kz). (6.6.33) 


Here, Eo is amplitude of electric field oscillations in the wave; signs (+) and 
(—) corresponds to rotation of the electric field vector in opposite directions. 
Current density components can be also expressed in a similar way 


jx =jocos(wt — kz), jy = +josin(wt — kz), (6.6.34) 


where jo is amplitude of current density oscillations. Projection of Equations 
6.6.31 and 6.6.32 on the axis “x” can be presented as 


dj 
+ = e002Ex — wBjy, (6.6.35) 
07Ex 1 0°Ey jx 
əz? æ ə ee at 


=0. (6.6.36) 


Here, wp is plasma frequency; wg = eBo/mis the electron-cyclotron frequency, 
whichis the frequency of an electron rotation around magnetic lines. Applying 
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Equations 6.6.33 and 6.6.34 for components of the electric field and current 
density, rewrite Equations 6.6.35 and 6.6.36 as 


— ojo sin(wt — kz) = eon Eo cos(wt — kz) + wp jo sin(wt — kz), (6.6.37) 
2 
— k°Eg cos(wt — kz) + <x Eo cos (wt — kz) + Low jo sin(wt — kz) = 0. (6.6.38) 


This system of equations has a nontrivial solution only if the following relation 
between wavelength and frequency is valid 


(6.6.39) 


This is the dispersion equation for the electromagnetic wave propagation 
in collisionless plasma along a magnetic field. In the absence of magnetic 
field, when the electron-cyclotron frequency is equal to zero wg = eBy/m = 0, 
the dispersion relation (Equation 6.6.39) coincides with Equation 6.6.20 for a 
collisionless plasma. 


6.6.7 Propagation of Ordinary and Extra-Ordinary Polarized 
Electromagnetic Waves in Magnetized Plasma 


Two signs (+) and (—) correspond to two different directions of rotation of 
vector E. The (—) sign is related to the right-hand circular polarization of 
electromagnetic wave, when the direction of E rotation coincides with the 
direction of an electron gyration in the magnetic field. In optics, such a wave 
is usually referred to as the extraordinary wave. The extraordinary wave 
has w = wg as the resonant frequency, when the denominator in the disper- 
sion equation tends to zero. This electron-cyclotron resonance (ECR) provides 
effective absorption of electromagnetic waves and is used as a principal 
physical effect in the ECR-discharges. The (+) sign in the dispersion relation 
(Equation 6.6.40) is related to the left-hand circular polarization of electro- 
magnetic wave. In optics, such a wave is usually referred to as the ordinary 
wave and it is not a resonant one. Based on the dispersion relation (Equation 
6.6.39), the phase velocity of the electromagnetic waves propagating along 
magnetic field can be presented as 


E 
KRIE 
— 


—1/2 
Oph =€ i = = ; (6.6.40) 


Propagation of electromagnetic waves in the absence of a magnetic field 
is possible according to Equations 6.6.40 and 6.6.20 only with frequencies 
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FIGURE 6.31 
Dispersion of a transverse electromagnetic wave, propagating in plasma along magnetic field; 
numbers correspond to values of wH /œp. 


exceeding the plasma frequency w > wp. This situation becomes very different 
in a magnetic field. The dispersion curves corresponding to Equation 6.6.40 
are shown in Figure 6.31. As seen from the curves, propagation of both ordi- 
nary and extraordinary waves is possible at low frequencies (w < wp). Also, 
in contrast to By = 0, where the phase velocities always exceed the speed of 
light, the electromagnetic waves can be “slower” than the speed of light in 
the presence of magnetic field. 


6.6.8 Influence of lon Motion on Electromagnetic Wave Propagation in 
Magnetized Plasma 


The extraordinary waves are able to propagate in plasma even at low fre- 
quencies (see Figure 6.10). In this case, the ion motion can also be important 
and the ion-cyclotron frequency should be taken into account 


e 
OBi = M” (6.6.41) 


which corresponds to ions (mass M) gyration in magnetic field Bo. The dis- 
persion equation for wave propagating along a uniform magnetic field Bo can 
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be derived taking into account the ion motion 


1 
eae (i Te may (6.6.42) 


If the electromagnetic wave frequency exceeds ion-cyclotron frequency 
(w >> wp), influence of the term wpapi / œ? in the denominator is negligible 
and the dispersion equation 6.6.42 coincides with Equation 6.6.39. Conversely, 
if the wave frequency is low (w < œp), then the term wgwpi / w? becomes dom- 
inant in the dispersion equation. In this case, the dispersion equation 6.6.42 
can be rewritten as 


g op op _ œ 
—— =1+ =1+ x. 6.6.43 
(o/k)? BOB B? v | ) 


This introduces again the Alfven wave velocity va (Equation 6.5.17); here, 
p = Ne M is the mass density in completely ionized plasma (see Ginsburg,1960; 
Ginsburg and Rukhadze, 1970). 


6.7 Emission and Absorption of Radiation in Plasma, 
Continuous Spectrum 


6.7.1 Classification of Radiation Transitions 


Radiation occurs due to transitions between different energy levels of a quan- 
tum system: transition up corresponds to absorption of a quantum Ep — Ej = 
he, transition down the spectrum corresponds to emission E; — Ey = hw (see 
Section 6.7.2). From the point of classical electrodynamics, radiation is related 
to the nonlinear change of dipole momentum, actually with the second deriva- 
tive of dipole momentum. Neither emission nor absorption of radiation is 
possible for free electrons. Electron collisions are necessary in this case. It will 
be shown in Section 6.7.4 that electron interaction with a heavy particle, ion, or 
neutral is able to provide emission or absorption, but electron—electron inter- 
action cannot. It is convenient to classify different types of radiation according 
to the different types of electron transition from one state to another. Electron 
energy levels in the field of an ion as well as transitions between the energy 
levels are illustrated in Figure 6.32. The case when both initial and final elec- 
tron states are in continuum is called the free—free transition. A free electron 
in this transition loses part of its kinetic energy in the Coulomb field of a pos- 
itive ion or in interaction with neutrals. The emitted energy in this case is a 
continuum, usually infrared and called bremsstrahlung (direct translation— 
stopping radiation). The reverse process is the bremsstrahlung absorption. 
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FIGURE 6.32 
Energy levels and electron transitions induced by ion field. 


Electron transition between a free state in continuum and a bound state in 
atom (see Figure 6.32) is usually referred to as the free-bound transition. The 
free—bound transitions correspond to processes of the radiative electron-ion 
recombination (see Section 2.3.5) and the reverse one of photoionization (see 
Section 2.2.6). Such kinds of transitions also could take place in electron- 
neutral collisions. In this case, these are related to photo-attachment and 
photo-detachment processes of formation and destruction of negative ions 
(see Section 2.4). The free-bound transitions correspond to continuum radia- 
tion. Finally, the bound—bound transitions mean transition between discrete 
atomic levels (see Figure 6.32) and result in emission and absorption of spec- 
tral lines. Molecular spectra are obviously much more complex than that of 
single atoms because of possible transitions between different vibrational and 
rotational levels. 


6.7.2 Spontaneous and Stimulated Emission: Einstein Coefficients 


“iW 


Consider transitions between two states (upper “u” and ground “0”) of an 
atom or molecule with emission and absorption of a photon hw, which is 
illustrated in Figure 6.33. The probability of a photon absorption by an atom 


“a 


per unit time (and, hence, atom transition “0” — “u”) can be expressed as 
P( “0”, Ne > “u”, Ny — 1) = Any. (6.7.1) 


Here, no is the number of photons; A is the Einstein coefficient, which 
depends on atomic parameters and does not depend on electromagnetic wave 


Electrostatics, Electrodynamics, and Fluid Mechanics of Plasma 411 


Upper level 


Lower level 


FIGURE 6.33 
Radiative transition between two energy levels. 


characteristics. Similarly, the probability of atomic transition with a photon 
emission is 


1 
Pu”, Ng > “0”, No + 1) = = + Bno. (6.7.2) 


Here, 1/tis the frequency of spontaneous emission, which takes place without 
direct relation to external fields; Einstein coefficient B characterizes emission 
induced by an external electromagnetic field. The factors B and t as well 
as A depend only on atomic parameters. If the first right-hand side term 
in Equation 6.7.2 corresponds to spontaneous emission, the second term is 
related to the stimulated emission. To find relations between the Einstein 
coefficients A, B and the spontaneous emission frequency 1/t, analyze the 
thermodynamic equilibrium of radiation with the atomic system. In this case, 
the densities of atoms in lower and upper states (Figure 6.33) are related in 
accordance with the Boltzmann law (Equation 4.1.9) as 


h 
Ny = Sn exp (-=) i (6.7.3) 
80 


where hw is energy difference between the two states, gu, go are their statistical 
weights. According to the Planck distribution, the average number of photons 
Nw in one state can be determined as 


Ny = i/ (exp n — 1), (6.7.4) 


Taking into account, the balance of photon emission and absorption (see 
Figure 6.33) 


noP(“0", Ny > “u”, no — 1) = MyP(“u", na > “O”, na +1), (6.7.5) 


which can be rewritten based on Equations 6.7.1 and 6.7.2 as 


1 
ngA ño = nu (- Es Bio) . (6.7.6) 
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The relations between the Einstein coefficients A,B, and the spontaneous 
emission frequency 1/t can be expressed based on Equations 6.7.3, 6.7.4, and 
6.7.6 as 


ye: (6.7.7) 
Bot $ 


The emission probability can be rewritten from Equations 6.7.2 and 6.7.7 as 
1 1 
Pu”, No > “0”, No + 1) = X + Nor (6.7.8) 


The contribution of the stimulated emission nae times exceeds the spon- 
taneous one. Although the expressions (Equation 6.7.7) for the Einstein 
coefficients were derived from equilibrium thermodynamics, the final Equa- 
tion 6.7.8 can be applied for the nonequilibrium number of photons no. 


6.7.3 General Approach to Bremsstrahlung Spontaneous Emission: 
Coefficients of Radiation Absorption and Stimulated Emission during 
Electron Collisions with Heavy Particles 


The bremsstrahlung emission is related to the free—free electron transitions, 
and does not depend on external radiation like the spontaneous emission. 
An electron slows down in a collision with a heavy particle, ion, or neu- 
tral and loses kinetic energy, which then partially goes to radiation. A free 
electron cannot absorb or emit a photon because of the requirements of 
momentum conservation. Describe the bremsstrahlung emission at a specific 
frequency w in terms of the differential spontaneous emission cross section: 
dow (Ve) = dow /dwdw, which is a function of electron velocity ve. The emis- 
sion probability per electron of quanta with energies hiw/hw + d(iw) can be 
given by the conventional definition: 


1 do, 
dPa = —dQo = venodoo (Ue) = veno ds: (6.7.9) 


ho dw 

Here, dQ, is the emission power per electron in the frequency inter- 
val dw; nọ is density of heavy particles. The differential cross section of 
bremsstrahlung emission dow / dw(ve) characterizes the spontaneous emis- 
sion of plasma electrons during their collisions with heavy particles in the 
same way as the frequency 1/t characterizes spontaneous emission of an atom 
(Equation 6.7.2). Also, similar to the Einstein coefficients A and B for atomic 
systems (see relations (Equations 6.7.1 and 6.7.2)), introduce coefficients 4, (Ve) 
and bo (Ve) for radiation absorption and stimulated emission during the elec- 
tron collision with heavy particles. To introduce the coefficients a4(ve) and 
bo(Ve), first define the radiation intensity I(w) as the emission power in 
spectral interval w/(w-+ dw) per unit area and within the unit solid angle 
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(Q, measured in steradians). The product I,,)dw dQ actually describes the den- 
sity of the radiation energy flux. Then the radiation energy from the interval 
dw dQ absorbed by electrons with velocities ve/ve + dve in unit volume per 
unit time can be presented as 


(Indw dQ2)no[ f (Ve)dve] x Aw (Ve). (6.7.10) 


This is the definition of the absorption coefficient ao(ve), which is actu- 
ally calculated with respect to one electron and one atom. In its definition in 
Equation 6.7.10, no is the density of heavy particles and f (ve) is the electron 
distribution function. Similar to Equation 6.7.10, the stimulated emission of 
quanta related to electron collisions with heavy particles can be expressed as 


Iodo dQ)nolf (vp )dvg] x be (vs). (6.7.11) 


Here, the coefficient of stimulated emission b,(v,) is introduced with 
respect to one electron and one atom. In accordance with the energy con- 
servation for absorption (Equation 6.7.10) and stimulated emission (Equa- 
tion 6.7.11), the electron velocities ve and v4 are related to each other as 


152 
me = = + he. (6.7.12) 


Similar to Equation 6.7.7, the coefficients of absorption 4o (Ve) and stimulated 
emission b,.(v,) of an electron during its collision with a heavy particle are 
related through the Einstein formula: 


z 1/2 
bo (,) = = (Ve) = (=) A (Ue). (6.7.13) 


Here, e is the electron energy (as well as e + hw). The stimulated emis- 
sion coefficient is related to the spontaneous bremsstrahlung emission cross 


section as 


ie Ve dow (UG) 


Dey (Up) = do 


(6.7.14) 


6.7.4 Bremsstrahlung Emission due to Electron Collisions 
with Plasma lons and Neutrals 


According to classical electrodynamics, emission of a system of electric 
charges is determined by the second derivative of its dipole momentum 
d. In the case of an electron {characterized by a radius vector 7) scattering 
by a heavy particle at rest: d = —e7. In the case of electron-electron colli- 


sions, d= —er| — er = (—e/m) d/dt(mo, + m2) = 0 because of momentum 
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conservation. This relation explains the absence of bremsstrahlung emission 
in the electron—electron collisions. Total energy, emitted by an electron during 
interaction with a heavy particle, can be expressed by (Landau, 1982): 


+00 


e 
E= 
6reoc? | 


—oo 


ZO at. (6.7.15) 


The Fourier expansion of electron acceleration r(t) in Equation 6.7.15 gives 
the emission spectrum of the bremsstrahlung, the electron energy emitted per 
one collision in the frequency interval w/(w + dw): 


Be ite ? 
dE. = 7G | FE exp(—iwt)dt| do. (6.7.16) 
TEQ 
—0o 


Taking into account that the time of effective electron interaction with heavy 
a particle is shorter than the electromagnetic field oscillation time, the integral 
in Equation 6.7.16 can be estimated as the electron velocity change Ade during 
scattering. This allows simplification of Equation 6.7.16: 


e2 


dE» = —=— 
° 6n?egc? 


(Av2) da. (6.7.17) 


Averaging Equation 6.7.18 over all electron collisions with heavy particles 
(frequency vm, electron velocity ve), yields the formula for dQ, (see Equa- 
tion 6.7.9), which is the bremsstrahlung emission power per electron in the 
frequency interval dw: 


= e?u2vm 
= Bete 
3mE9C 


dQo 


(6.7.18) 


Obviously, this formula of classical electrodynamics can only be used at rel- 
atively low frequencies w < mv2/2h, when the electron energy exceeds the 
emitted quantum of radiation. At higher frequencies œ > mv2/2h, we should 
assume dQ, = 0 to avoid the “ultra-violet catastrophe.” Based on Equations 
6.7.18 and 6.7.9, the cross section of the spontaneous bremsstrahlung emission 
of a quantum fiw by an electron with velocity ve can be expressed as 


evom mo 
a 3a de, fox 
31“Egc’ ho 2 


dow = (6.7.19) 


Bremsstrahlung emission is related to an electron interaction with heavy 
particles; therefore its cross section (Equation 6.7.19) is proportional to the 
cross section om of electron-heavy particle collisions. Equations 6.7.13 and 
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6.7.14 then permit the derivation of formulas for the quantum coefficients 
of stimulated emission ba and absorption ao. For example, the absorption 
coefficient a)(Ve) can be presented in this way at œ >> vm as 


2 eu. (e+hw)* 
3e, mca? ~— shw 


Ay (Ve) = Om(e + ha), (6.7.20) 


where e is electron energy before the absorption. Absorption and stimu- 
lated emission coefficients per one electron and one atom of Ar and He as 
a function of electron energy at a frequency of a ruby laser are presented in 
Figure 6.34. Plasma radiation is more significant in thermal plasma, where 
the major contribution in vm and om is provided by electron-ion collisions. 
Taking into account the Coulomb nature of the collisions, the cross section of 
the bremsstrahlung emission Equation 6.7.19 is 


_ 16x Ze 
3/3 (419) m2c3v2hw’ 


(6.7.21) 


Ow 


Here, Z is the charge of an ion; in most of our systems under consideration 
Z = 1,but relation (Equation 6.7.21) in general can be applied to multicharged 
ions as well. Based on Equation 6.7.21, the total energy emitted in unit volume 


Ae bo 10-7?cm?® 


ho=1.78 eV 


10 20 £ eV 


FIGURE 6.34 
Absorption coefficients per electron and per one Ar and one He atom. 
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per unit time by the bremsstrahlung mechanism in the spectral interval dw is 
[0,6] 
JeemSdow = | ħoninef (Ve)VedVed ow (Ve). (6.7.22) 
Umin 
Here, nj and ne are concentrations of ions and electrons; f (ve) is the electron 
velocity distribution function, which can be taken here as Maxwellian; Vmin = 
/2hw/m is the minimum electron velocity sufficient to emit a quantum hw. 


After integration the spectral density of bremsstrahlung emission (Z = 1) per 
unit volume, Equation 6.7.23 finally gives 


1/2 6y on: 
jeremsdo = 16 (=) e°neni exp ( e) P 


3 3 m?/2c3 (4meg)3T 1/2 T 
Nine ho 
= Crip exp (-=) dw 


= 1.08 x 10°" W cm? K!/? x 


n,(1/em?)ne(1/em?) ( hw 
dw. 
GK ) 


6.7.5 Recombination Emission 


This emission occurs during the radiative electron-ion recombination. 
According to the classification of emission in plasma, the recombination emis- 
sion is related to free-bound transitions because as a result of this process, a 
free plasma electron becomes trapped in a bound atomic state with negative 
discrete energy En. This recombination leads to emission of a quantum 


2 
ho Enie e, (6.7.24) 


Correct quantum mechanical derivation of the recombination emission 
cross section is complicated, but an approximate formula can be derived using 
the quasi-classical approach. Equation 6.7.21 was derived for bremsstrahlung 
emission when the final electron is still free and has positive energy. To cal- 
culate the cross section org of the recombination emission, generalize the 
quasi-classical relation (Equation 6.7.21) for electron transitions into discrete 
bound states. It can be done because the energy distance between high elec- 
tronic levels is quite small and hence quasi-classical. The electronic levels of 
bound atomic states are discrete; so here the spectral density of the recombi- 
nation cross section should be redefined taking into account number of levels 
An per small energy interval AE = hAw (around E,): 


dow dow 1 AE 
oD Ki oan hn sep eee 
RRE RE = Jo f An 
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Consider the hydrogen like atoms (where an electron moves in the field of a 
charge Ze), then En = —IqZ?/n*. Here, I4 = met /2h? (4720)? = 13.6eV is the 
hydrogen atom ionization potential, n is the principal quantum number. The 
ratio AE/An characterizing the density of energy levels is 


QZ? 
= 3 ; (6.7.26) 


ow) 


AE dEn 
An 


~ |an 


Based on Equation 6.7.22 and taking into account Equations 6.7.25 and 
6.7.26, the formula for the cross section of the recombination emission in an 
electron-ion collision with formation of an atom in an excited state with the 
principal quantum number n is obtained: 


$ e lagii an E 
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Here, e is the initial electron energy. The total energy Jondo, emitted as a 
result of photo-recombination of electrons with velocities in interval ve/Ve + 
dve and ions with Z = 1, leading to formation of an excited atom with the 
principal quantum number n, per unit time and per unit volume is 


Jondo = honjneorgf (Ve)Vedve = C 


nine 2Ny Ty 
T2 TP (T 


=) dw. (6.7.28) 


The parameter C = 1.08 x 1074 W cm? K1⁄? is the same factor as in Equa- 
tion 6.7.23; f (Ve) is the electron velocity distribution, which was taken as 
Maxwellian; the relation between electron velocity and radiation frequency 
from Equation 6.7.24 was written as: MVedVe = hdw. Emission of quanta with 
the same energy fiw can be provided by trapping electrons on different exci- 
tation levels with different principal quantum numbers n (obviously, the 
electron velocities should be relevant and determined by Equation 6.7.24). 
The total spectrum of recombination emission is the sum of similar but shifted 
terms: 


CO 
jo doe X` Jon (6.7.29) 


n*(w) 


Each of the individual terms in Equation 6.7.29 is related to the different 
principal quantum number n but giving the same frequency w, and each is 
proportional to exp(—hw/T). The lowest possible principal quantum number 
n*(w) can be defined from the condition |E;*| < hw < |Ey+—1|. The spec- 
trum of recombination emission corresponding to the sum Equation 6.7.29 
is illustrated in Figure 6.35. 
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FIGURE 6.35 
Recombination emission spectrum. 


6.7.6 Total Emission in Continuous Spectrum 


The total spectral density of plasma emission in continuous spectrum consists 
of the bremsstrahlung and recombination components (Equations 6.7.23 and 
6.7.29). These two emission components can be combined in one approximate 
but reasonably accurate general formula for the total continuous emission: 


nin ho 
Jado = Cat ($) do. (6.7.30) 


The parameter C = 1.08 x 1074W cm? K1? is the same factor as in Equa- 
tions 6.7.23 and 6.7.29; W(x) is the dimensionless function, which can be 
approximated as 


Wa=1, ifx= me < Xg = Es, (6.7.31a) 

W(x) = expl- (x — xg)], if xg <x < x4 (6.7.31b) 

W(x) = expl- (x — xg)] + 2x1 expl- (x — xı)], if x = ne > X1 = 7 
(6.7.31c) 


Here, E,| is the energy of the first (lowest) excited state of atom calcu- 
lated with respect to transition to continuum; I is the ionization potential. 
When the radiation quanta and hence frequencies are not very large (hw < 
|Eg|), the contributions of free-free transitions (bremsstrahlung) and free- 
bound transitions (recombination) in the total continuous emission are related 
to each other as 


h 
recom Jfbrems = exp es 1. (6.7.32) 
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According to Equation 6.7.32, emission hw < 0.7T is mostly due to the 
bremsstrahlung mechanism, while emission of larger quanta hw > 0.7T 
is mostly due to recombination mechanism. At plasma temperatures of 
10,000 K, this means that only infrared radiation (à > 2um) is provided 
by bremsstrahlung, all other emission spectrum is due to the electron-ion 
recombination. To obtain the total radiation losses, integrate the spectral den- 
sity (Equation 6.7.30) over all the emission spectrum (contribution of quanta 
hw > I can be neglected because of their intensive reabsorption). These total 
plasma energy losses per unit time and unit volume can be expressed after 
integration by the following numerical formula: 


kW -37 -3 HA 
J, 3 = 1.42 x 10 T,Kneni(cm ~) {1+ ~~}. (6.7.33) 
cm T 


6.7.7 Plasma Absorption of Radiation in Continuous Spectrum: 
The Kramers and Unsold-Kramers Formulas 


The differential cross section of bremsstrahlung emission (Equation 6.7.21) 
with Equations 6.7.13 and 6.7.14 permits determining the coefficient of 
bremsstrahlung absorption of a quantum ño calculated per electron having 
velocity ve and one ion: 


16x? 776 
3/3 m2c(4neghw) ve 


A (Ve) = (6.7.34) 


This is the so-called Kramers formula of the quasi-classical theory of 
plasma continuous radiation. Multiplying the Kramers formula by nen; and 
integrating over the Maxwellian distribution f (ve), yields the coefficient of 
bremsstrahlung absorption in plasma (the reverse length of absorption): 


1/2 6 
brems nei 2/2 e 
zoe i G= , 6.7.35 
Ko IPU ts (=) (Anem? ch e789) 


To use Equation 6.7.35 for numerical calculations of the absorption 
coefficient K3*™s (cm—!), the coefficient Cjcan be taken as: C1 = 3.69 x 
108cm*/s* K!/?; here the frequency v = w/2n,and Z = 1. Another mechanism 
of plasma absorption of radiation in continuous spectrum is photoion- 
ization. The photoionization cross section can be easily calculated, taking 
into account that it is a reverse process with respect to recombination 
emission. Based on a detailed balance of the photoionization and recom- 
bination emission, Saha equations 4.1.15 and 6.7.27, the expression for the 
photoionization cross section for a photon hw and an atom with principal 
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quantum number n is 


_ 8x elm zt 
a 3/3 (4me9) chown? 


3 
=79 x 10m (=) f (6.7.36) 


Here, œn = |En] /h is the minimum frequency sufficient for photoionization 
from the electronic energy level with energy En and principal quantum 
number n. As seen from Equation 6.7.36, the photoionization cross sec- 
tion decreases with frequency as 1/œ? at œ > œn. To calculate the total 
plasma absorption coefficient in a continuum it is necessary to add to the 
bremsstrahlung absorption Equation 6.7.34, the sum ) > nonOoœn related to 
the photoionization of atoms in different states of excitation (n) with con- 
centrations non. Replacing the summation by integration, the total plasma 
absorption coefficient in continuum can be calculated for Z = 1 as 


1 neni (cm~?) e* W(x) 
(T, K)7/2 x3 


Nei 


lana? YO = 4.05 x 107cm 


Ko =C (6.7.37) 


Here, factor C; is the same as in Equation 6.7.35; parameter x = hw/T; 
and the function W(x) is defined by Equation 6.7.31. Obviously, the replace- 
ment of summation over discrete levels by integration makes the resulting 
approximate dependence Ko(v) smoother than in reality; this is illustrated 
in Figure 6.36 (Biberman and Norman, 1967). The relative contribution of 
photoionization and bremsstrahlung mechanisms in total plasma absorption 
of radiation in continuum at the relatively low frequencies hw < |Egs| (\Eg| is 
energy of the lowest excited state with respect to continuum) can be charac- 
terized by the same ratio as in case of emission (Equation 6.7.32). The product 
neni in Equation 6.7.37 can be replaced at not very high temperatures by the 
gas density nousing the Saha equation 4.1.15. At the relatively low frequencies 
hw < |Eg| the total plasma absorption coefficient in continuum is 


16n e°Tng gi hw —1 
= exp 
3/3 htcw? (4ne0)? ga T 


Ko 
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= 1.95 x 107cm (6.7.38) 


This relation for the absorption coefficient is usually referred to as the 
Unsold-Kramers formula, where ga, gi are statistical weights of an atom and 
an ion, x = ħw/T, x; = I/T and I is the ionization potential. As an example, 
the absorption length k3! of red light X = 0.65um in an atmospheric pres- 
sure hydrogen plasma at 10,000 K can be calculated from Equation 6.7.38 as 
k3! ~ 180 m. Thus, this plasma is fairly transparent in continuum at such con- 
ditions. It is interesting to note that the Unsold-Kramers formula can be used 
only for quasi-equilibrium conditions, while Equation 6.7.37 can be applied 
for nonequilibrium plasma as well. 
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FIGURE 6.36 
Absorption coefficient per one Xe atom, related to photoionization. Dashed line—summation 
over actual energy levels. Solid line—replacement of the summation by integration. 


6.7.8 Radiation Transfer in Plasma 


“ot 
S 


The intensity of radiation Ie decreases along its path due to absorption 
(scattering in plasma neglected) and increases because of spontaneous and 
stimulated emission. The radiation transfer equation in quasi-equilibrium 
plasma can be then given as 


dIo ; foc, ho 
a KiyUoe — Iw), Ko = Ko £ — exp (-=)| ; (6.7.39) 


Here, the factor Ive is the quasi-equilibrium radiation intensity 


hw 1 


= 7A 
413c? exp(hw/T) — 1’ (6740) 


Ioe 


which can be obtained from the Planck formula for the spectral density 
(Equation 4.1.21). Introduce the optical coordinate &, calculated from the 
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plasma surface x = 0 (with positive x directed into the plasma): 
x 
E= [uw dx, d§ =k (x) dx. (6.7.41) 
0 


Then the radiation transfer equation can be rewritten in terms of the optical 
coordinate as 
dla) 
dé 


Assuming that in direction of a fixed ray, the plasma thickness is “d”; x = 0 
corresponds to the plasma surface; and there is no source of radiation at 
x > d, then the radiation intensity on the plasma surface I,,9 can be expressed 
by solution of the radiation transfer equation as 


To d 
to = | eTO Dde, to = | kde, (6.7.43) 
0 0 


The quasi-equilibrium radiation intensity Ime[T(&)] is shown here as a 
function of temperature and therefore an indirect function of the optical coor- 
dinate. In Equation 6.7.43, another radiation transfer parameter is introduced: 
T is the optical thickness of plasma. 


6.7.9 Optically Thin Plasmas and Optically Thick Systems: Blackbody 
Radiation 


First assume that optical thickness is small te < 1; this is usually referred to 
as transparent or optically thin plasma. In this case, the radiation intensity on 
the plasma surface Ieo (Equation 6.7.43) is 


Te To d 
TE | lwelT(€)] dé = | haddi= | jode. (6.7.44) 
0 0 0 


Here, the emissivity term je = IweK/, corresponds to spontaneous emission. 
Equation 6.7.44 shows that radiation of optically thin plasma is the result of 
summation of independent emission from different intervals dx along the 
ray. In this case, all radiation generated in plasma volume is able to leave it. 
If plasma parameters are uniform, then the radiation intensity on the plasma 
surface can be expressed as 


Ivo = jod = Ipekyd = Iveta K Iove. (6.7.45) 
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From Equation 6.7.45, the radiation intensity of the optically thin plasma is 
seen to be much less (te « 1) than equilibrium value (Equation 6.7.40) cor- 
responding to the Planck formula. The opposite case takes place when the 
optical thickness is high te >> 1. This is usually referred to as the nontrans- 
parent or optically thick systems. If the quasi-equilibrium temperature can be 
considered constant in the emitting body, then for the optically thick systems 
(Equation 6.7.43) gives: Ieo = Ime(T). The emission density of the entire sur- 
face in all directions is the same and is equal to the equilibrium Planck value 
(Equation 6.7.40). This is the case of the quasi-equilibrium blackbody emis- 
sion, discussed in Section 4.1.5. Unfortunately, it cannot be directly applied 
to continuous plasma radiation (where the plasma is usually optically thin). 
The total black body emission per unit surface and unit time can be found 
by integration of the quasi-equilibrium radiation intensity (Equation 6.7.40) 
over all frequencies and all directions of hemispherical solid angle (2x) 


Je = | do Í Toe cos Vd Q = EZO T)dw = oT’. (6.7.46) 
27 


This is the Stefan-Boltzmann law of blackbody emission. o is the Stephan- 
Boltzmann coefficient (Equation 4.1.25); 0 is the angle between the ray (Q) 
and normal vector to the emitting surface. 


6.7.10 Reabsorption of Radiation, Emission of Plasma as Gray 
Body: The Total Emissivity Coefficient 


Plasmas are usually optically thin for radiation in the continuous spectrum, 
and the Stephan—Boltzmann law cannot be applied without special correc- 
tions. However, plasma is not absolutely transparent; the total emission can be 
affected by reabsorption of radiation. This can be illustrated by Equation 6.7.43 
for the radiation intensity Ieo assuming fixed values of the quasi-equilibrium 
temperature and absorption coefficient (Equation 6.7.37) 


Io = Ioell — exp(—tw)] = Iwel1 — exp(—Ki,d)] = Tet. (6.7.47) 


Here, ¢ is the total emissivity coefficient, which characterizes the plasma as 
a gray body. It is interesting to note that in optically thin plasmas, the total 
emissivity coefficient coincides with the optical thickness: £ = to. If the total 
emissivity coefficient £ dependence on frequency is neglected (assumption of 
the ideal gray body), then integration similar to Equation 6.7.46 leads to the 
corrected Stefan—Boltzmann formula for emission of plasma in continuous 
spectrum: 


J =[1 —exp(—k’,d)] oT* = s oT*. (6.7.48) 


The total emissivity coefficients for the air plasma layer of 1 cmare presented 
in Figure 6.37 as a function of pressure and temperature (Biberman, 1970). 
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FIGURE 6.37 
Emissivity of 1 cm air-layer at different pressures. 


More detail on the subject can be found in Armstrong (1990), Modest (1993) 
and Boulos et al. (1994). 


ee 
6.8 Spectral Line Radiation in Plasma 
6.8.1 Probabilities of Radiative Transitions and Intensity of Spectral Lines 


Spontaneous discrete transition from an upper state E, into a state Ex results 
in emission of a quantum (see Figure 6.32) 


honk = he ae (6.8.1) 


mn 


This radiation energy quantum determines a spectral line with frequency 
@nk and wavelength mn. The intensity of the spectral line S can be character- 
ized by the energy emitted by an exited atom or molecule per unit time in the 
line; this can be found in framework of quantum mechanics as 


(6.8.2) 


ay 


Here, d,, is the matrix element of dipole momentum of the atomic sys- 
tem, Apg is the probability of the bound-bound transition in frequency units 
(Ay can be interpreted as the atomic lifetime with respect to the radiative 
transition n — k). For the simplest atomic systems, the dipole momentum 
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matrix elements and hence factors A, can be quantum mechanically calcu- 
lated; however, in most of cases the transition probabilities A„ą should be 
found experimentally. Typically, the transition probabilities for the intensive 
spectral lines are approximately 108 s—!, numerical values of the coefficients 
Ank for some strong atomic line are given in Table 6.4. The intensity of spec- 
tral line can also be calculated in the framework of classical electrodynamics, 
assuming that an electron is oscillating in an atom around equilibrium posi- 
tion (rf is the electron radius vector). This leads to the following classical 
expression for the intensity of spectral line, which is actually equivalent to 
the quantum-mechanical expression (Equation 6.8.2) 


1 So 1 o 32 eog =) 
za o = — (d) = ; 6.8.3 
6mEgc3 619 c? ey 6rE9c3 a ( ) 


Here, c is the speed of light, and wo is frequency of the electron “oscillation” 
in an atom. 


6.8.2 Natural Width and Profile of a Spectral Line 


Excited states of an atom with energy E, has finite lifetime with respect 
to radiation t ~ Ay. Hence, according to the quantum-mechanical uncer- 
tainty principle, the energy level E,, actually is not absolutely thin, but has a 
characteristic width of AE « h/t ~ hAy x. As a result, a spectral line related 
to transition from this atomic energy level has a specific width Aw © Ank, 
which is independent from external conditions and called the natural spec- 
tral line width. Typically, the natural width is very small with respect to the 
characteristic radiation frequency for electronic transitions Aw ~ 108 s71 « 
nk © 101 s71. The profile of spectral lines can be determined as the photon 


distribution functions F(w) over the radiation frequencies, which is usually 
+00 
normalized as: f F(w)dw = 1. To describe the natural profile of the spectral 


-O 
line F (w), express the corresponding oscillations of the electric and magnetic 


TABLE 6.4 

Parameters of Some Strong Atomic Lines in the Visible Spectrum 

Atomic Line Wavelength, X (nm) Oscillator Power, f Coefficient A,;.(s~!) 
Ha 656.3 0.641 4.4 x 107 

Hg 486.1 0.119 8.4 x 106 

He 587.6 0.62 7.1 x 107 

Ar 696.5 = 6.8 x 10° 

Na 589.0 0.98 6.2 x 10° 


Hg 579.1 0.7 9.0 x 107 
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fields in an electromagnetic wave f(t), taking into account the finite lifetime 
of both initial t,, and final t atomic states (Smirnov, 1977a,b): 


1 1 1 
fE x expliont— vt), 2v= — + — = — © Ank- (6.8.4) 
in Tk T 


The frequency v = 1/2A;, characterizes the photon emission probabil- 
ity (Equation 6.8.2) and describes attenuation of the electromagnetic wave 
because of the finite lifetime of atomic states. The frequency distribution for 
the electromagnetic wave can be found as a Fourier component fe of the 
function f (t): 


+00 


i ~ | f @ exp(—iwt)dt « 
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oa (6.8.5) 


The radiation intensity of a spectral line at a fixed frequency w and the 
photon distribution function F(w) are both proportional to the square of the 


Fourier component F(w) « le ie Then taking into account the normalization 
of the function F(w), the following expression is obtained for the photon dis- 
tribution function and the natural profile of a spectral line related to finite 
lifetime of excited states 


v 1 1/1 1 1 1 
(@) TV + (w — Wyk)” ae (= 7 =) 2r 2 "k ( ) 


This shape of the photon distribution function and spectral line is usually 
referred to as the Lorentz spectral line profile. The Lorentz profile decreases 
slowly (hyperbolically) with deviation from the principal frequency one w = 
@nk. It has “wide wings” (hyperbolic wings), which is illustrated in Figure 
6.39. The parameter v in Equation 6.8.6 is the so-called spectral line half-width. 
In this case, the width of a line at half the maximum intensity is presented 
as 2v, which is a double half-width or the entire width of a spectral line (see 
Figure 6.39). It is interesting to remark that the natural width of a spectral line 
in the wavelength-scale is independent of frequency and can be estimated as 


2 
MS S110 (6.8.7) 
3epmc? 


6.8.3 Doppler Broadening of Spectral Lines 


The broadening of spectral lines is due to thermal motion of the emitting 
particles, to collisions perturbing the emitting particles, and to the Stark effect. 
Electromagnetic wave emitted by a moving atom or molecule with frequency 
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Wk, is observed by a detector (at rest) at the frequency shifted according to 
the Doppler effect formula 


RE on(1 + =) , (6.8.7a) 


where vy is the emitter velocity in the direction of wave propagation; c is the 
speed of light. The Doppler profile of a spectral line then can be found based on 
Equation 6.8.7a, and assuming a Maxwellian distribution for atomic velocities 
f (x). Taking into account that F(w) dw = f (vy) dvx, the Doppler profile is 


F(@) = 


2 2 23 2 
M e| MT Oo) |: (6.8.8) 
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Here, M is mass of a heavy particle; To is gas temperature; c is the speed of 
light. In contrast to the Lorentzian hyperbolic natural profile of spectral lines, 
the Doppler profile decreases much faster (exponentially) with frequency 
deviation from center of the line. Such shape of the curve F(w) with rela- 
tively “narrow wings” of the spectral line is called the Gaussian profile, and 
it is also illustrated in Figure 6.39 to compare with the “wide wings” of the 
Lorentz profile. The entire width (double half-width) of the Doppler profile 
of a spectral line can be expressed from Equation 6.8.8 as 


Aw Ar 
2 Z 25 2706 210-7 Toy, (6.8.9) 
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where A is the atomic mass of emitting particle. The Doppler broadening 
of spectral lines is most significant at high temperatures and for light atoms 
like hydrogen (for Hg line, ^ = 486.1 nm, the Doppler width at a high gas 
temperature of 10,000 K is AX = 0.035 nm). 


6.8.4 Pressure Broadening of Spectral Lines 


The influence of collisions on electromagnetic wave emission by excited atoms 
is illustrated in Figure 6.38. The phase of electromagnetic oscillations changes 
randomly during collision and therefore the oscillations can be considered 
as harmonic only between collisions. The effect of collisions is somewhat 
similar to the effect of spontaneous radiation (natural broadening), because 
it also restricts the interval of harmonic oscillations. For this reason, colli- 
sions with all plasma components, including heavy neutrals, leads to this 
broadening effect. This broadening can be described by the same Lorentz 
profile (Equation 6.8.6) as in natural broadening, though in this case with 
frequency v related to frequency of the emitting atom collisions with other 
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FIGURE 6.38 
Time evolution of electromagnetic field amplitude. (a) Lifetime of finite state. (b) Collision of an 


emitting and perturbing atom. Af, collision time; x, collisional phase shift. 


species (Smirnov, 1977a,b) 


_ Ng(ov) 1 
= ar Ga Sa oe) 


This effect is usually referred to as the pressure broadening (or impact 
broadening) of spectral lines. In Equation 6.8.10, no is the neutral gas den- 
sity; o is the cross section of the perturbing collision (which is usually close 
to the gas-kinetic cross section); and v is the velocity of the related collision 
partners (which is usually the thermal velocity of heavy particles). At high 
pressures, the collisional frequency obviously can exceed the frequency of 
spontaneous radiation; this can make the pressure broadening much more 
significant than the natural width of spectral lines. 
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FIGURE 6.39 
(a) “Wide wings” Lorentz and (b) “narrow wings” Gaussian profiles of spectral lines. 


6.8.5 Stark Broadening of Spectral Lines 


When the density of charged particles in a plasma is sufficiently large, the 
degree of ionization not less than about 1072, their electric microfields perturb 
the atomic energy levels providing the Stark broadening of spectral lines. 
The Stark effect is most significant for hydrogen atoms (Hg line, 486.1 nm, is 
widely applied in related plasma diagnostics) and some helium levels, where 
the effect is strong and proportional to the first power of electric field. In most 
other cases, the Stark effect is proportional to square of electric field and is 
not strong. The Stark broadening induced by electric microfields of ions is 
qualitatively different from that of electrons. For slowly moving ions, Stark 
broadening can be described based on the statistical distribution of the electric 
microfields. This approach is called the quasi-static approximation. In this 
case, the electric microfields are provided by the closest charged particles and 
can be estimated as E « e?/1r? œ ne! 2 where r x ne 1/3 is the average distance 
between the charged particles. In the case of the strong linear Stark effect, 
the relevant width of a spectral line is also proportional to the factor ne? 
The Stark broadening induced by the electric microfields of ions in terms of 
wavelength As and in terms of frequencies Aws can be estimated in the 
specific case of the Hg line (486.1 nm, transition from n = 4 to n = 2) as 


xZ 3e2agn(n — 1)r2 
Bi as one = 8r2eqhc nk fie =5 x 107 nm (Ne, cm~)”, 


(6.8.11) 


where aig is the Bohr radius, nx is the spectral line principal wavelength. The 
Stark broadening induced by electric microfields of the fast moving electrons 
can be described in the framework of the impact approximation. In this case, 
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the emitting atom is unperturbed most of the time and broadening is due to 
impacts well separated in time. The impact Stark broadening is proportional 
to the electron concentration and an additional factor decreasing with ne. The 
entire Stark broadening, including effects of ions and electrons, can be still 


approximated as proportional to the factor n>. In the electron temperature 
range 5000—40,000 K and electron concentrations in the interval 1014-1017 

m3, the total Stark broadening again of the Hg line, 486.1 nm, can be found 
using the following numeric formula 


As © (1.8 — 2.3) x 107 nm (ne, m7), (6.8.12) 


The Stark broadening results in the Lorentzian profile of spectral in the same 
way as the pressure and natural broadenings. Obviously, different Lorentzian 
half-widths (Aw, /2 or Ad _,/2) should be used for describing different types of 
the Lorentzian broadenings: pressure, Stark, or natural. The total Lorentzian 
profile is determined then by the strongest of the three broadening effects. 


6.8.6 Convolution of Lorentzian and Gaussian Profiles, the Voigt Profile 
of Spectral Lines 


The three mechanisms of spectral line broadening ina plasma (Stark, pressure, 
and natural) lead to the same “wide wing” Lorentzian profile, and only the 
Doppler broadening results in the “narrow wing” Gaussian profile (see Figure 
6.39). If the characteristic widths of the Lorentzian AX, and Gaussian Aig 
profiles are of the same order of value, the resulting profile cannot be a trivial 
one. The central part of a spectral line can be related to Doppler broadening, 
while the wide wings can be provided by the Stark effect. The final shape 
of a spectral line is the result of convolution of the Gaussian and Lorentzian 
profiles. Assuming that the Doppler and Stark broadenings are independent, 
the result of the convolution is the Voigt profile of spectral lines. The Voigt 
profile can be presented in terms of the distribution over wavelength as 


S 2 
a exp(—y*) 


1 
P= roa | nb—y) +a 


dy. (6.8.13) 


“q n 


The Voigt profile is defined by two parameters and “b,” which are 
related to the spectral line wavelength Amn, the line Hin A, and the widths of 
the Lorentzian A^, and Gaussian Ag broadenings: 


2In2 
acl 22, b= oes Ce eer (6.8.14) 


=< 

Details on plasma spectroscopy and its application to plasma diagnos- 

tics can be found in Griem (1964, 1974), Traving (1968), and Cabannes and 
Chapelle (1971). 
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6.8.7 Spectral Emissivity of a Line, Constancy of a Spectral Line Area 


Emission in a spectral line per atom was described above by the spectral line 
intensity S. Then the total energy emitted in a spectral line, corresponding to 
the transition n — k, in unit volume per unit time can be expressed as 


Ink = POnkAnknn, (6.8.15) 


where ny is the concentration of atoms in the state “n.” Taking into account 
the profile shape function F(w), the spectral emissivity (spectral density of Jy, 
taken per unit solid angle) can be presented as 


1 
jado = gr honkAnktinF(@) dw. (6.8.16) 


+00 
The profile F(w)is normalized: f F(@) dw = 1. Therefore, the spectral line 


—0o 
broadening does not change the area of the spectral line. Broadening makes a 
spectral line wider, but lower in height. 


6.8.8 Selective Absorption of Radiation in Spectral Lines, Absorption 
of One Classical Oscillator 


Absorption of radiation by atoms and molecules are selective in spectral lines. 
Efficiency of the absorption obviously depends on broadening of the spectral 
lines. If the broadening is provided by collisions, the cross section of electro- 
magnetic wave absorption by one oscillator (which represents an atom in 
classical electrodynamics) depends on the frequency near the resonance as 


2 


e t! + no(ov) 


”  4mceo (w — wnk)? + 307! + 119 (00)? 


(6.8.17) 


This absorption-frequency curve also has the Lorentz profile (compare with 
Equation 6.8.10) in accordance with Kirchoff’s law, which requires corre- 
lation between emission and absorption processes; no(ov) is the collisional 
frequency, t~! is frequency of the spontaneous electronic transition n —> k, 
hoy is energy of this transition. Equation 6.8.17 shows that the maximum res- 
onance absorption cross section (Equation 6.8.17) in the absence of collisions 
(no(ov) Kt", œ = Wyx) is large for visible light 


322 
omax — Se x 107?cm?. (6.8.18) 
T 


If collisional broadening of a spectral line is sufficiently large, the corre- 
sponding absorption cross section decreases with pressure: oœ « 1/no(ov) « 
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1/p. The area of the absorption spectral line can be found by integrating the 
absorption cross section oo (Equation 6.8.17) over frequencies (traditionally, v) 


1 2 
[ ood =r | onde = = 964 x 10-2em?/s. (6.8.19) 
27 Amceg 


This area describes the absorption in a spectral line of one classical oscillator. 


6.8.9 The Oscillator Power 


The total radiation energy absorbed in a spectral line per unit time and unit 
volume is independent of broadening and can be expressed as 


| 4rkulade = AnD onknk | Sodo. (6.8.20) 


Here, Io is the radiation intensity, Ko is the absorption coefficient (character- 
izing reverse length of absorption); ng is density of the light absorbing atoms. 
According to Equation 6.8.20, the total radiation energy absorbed in a spectral 
line is determined by the area of the absorption line f od. It should be noted 
that the absorption factor Bkn = 1/@nk f ojdv as well as A, are also usually 
called the Einstein coefficients. Based on Equation 6.8.16 and Kirchhoff’s law, 
the area of the absorption line can be found as 


QA2Q 2. 
Ges oe APO), [ood = ae ge Aik (6.8.21) 


Here, gn and gg are statistical weights of the upper and lower electronic 
states; A, is the Einstein coefficient for spontaneous emission in the spectral 
line (see Equation 6.8.2). The actual area of the absorption line (Equa- 
tion 6.8.21) differs from the classical one (Equation 6.8.18) corresponding 
to absorption of one classical oscillator. It is convenient to characterize the 
absorption in a spectral line by the ratio of actual area of the absorption line 
(Equation 6.8.21) over the area (Equation 6.8.18) corresponding to one classical 
oscillator 

gn Amegnc? 


J Ank- (6.8.22) 


~ 2gp we? 


This ratio is called the oscillator power and illustrates the number of classical 
oscillators providing the same absorption as the actual spectral line. Examples 
of the oscillator powers together with the Einstein coefficients A, for some 
spectral lines are presented in Table 6.4. The oscillator powers for the one- 
electron transitions are less than unity, and they approach the unity for the 
strongest spectral lines. 
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6.8.10 Radiation Transfer in Spectral Lines, Inverse Population of Excited 
States and Principle of Laser Generation 


The radiation transfer equation 6.7.39 for a spectral line in terms of radiative 
transitions n < k in an atom or molecule can be presented as 


Tes: 
e = jo + My balo — Male. (6.8.23) 


“ew 


In this equation, nn and nx are concentrations of particles in the upper “n 
and lower “k” states; Io is the radiation intensity; the coordinate “s” is the path 
along a ray propagation; je is the spontaneous emissivity on the frequency 
œ; and cross sections of the radiation absorption dao and stimulated emission 
Obo, related to each other in accordance with the Kirchhoff and Boltzmann 


laws as 
Nk 7) 8k 
Obo = | — exp | —— | Oa» = qu. 6.8.24 
b r p( T a on a ( ) 


Here, (nk /Mn)eq is the equilibrium ratio of populations of lower and higher 
energy levels; gą and gn are the corresponding statistical weights. Taking 
into account Equation 6.8.24, the radiation transfer equation 6.8.23 can be 
rewritten as 

diy _ 
Gs let (N2 — Ni) gkGawlw- (6.8.25) 

In this relation N2 = nn/gn, Ni = nk/gk are the concentrations of atoms 
in the specific quantum states related to energy levels “n” and “k.” These 
factors correspond in equilibrium to the exponential factors of the Boltz- 
mann distribution. In equilibrium gases Nz = Nj exp(—hw/T) < Nj and the 
radiation transfer equation 6.8.25 results in absorption corresponding to Equa- 
tion 6.7.39. However, in nonequilibrium conditions, the population of the 
higher energy states can exceed the population of those with lower energy 
Nz > Ny. Such nonequilibrium conditions are usually referred to as the 
inverse population of excited states. In the case of inverse population, accord- 
ing to Equation 6.8.25, the nonequilibrium medium does not provide absorp- 
tion but rather significant amplification of radiation in a spectral line. This 
is the basis of the laser. In homogeneous medium with N2 — Nj =const > 0, 
this exponential amplification of the radiation intensity along a ray can be 
expressed as 


Io = Too expl(N2 — N1) 8k aw). (6.8.26) 


The factor (N2 — N1)8koao in Equation 6.8.26 is called the laser amplifi- 
cation coefficient. The inverse population could be quite easily achieved in 
nonequilibrium plasma due to intense excitation of atoms and molecules by 
electron impact. This provides physical basis for gas-discharge lasers. The 
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nonequilibrium Treanor distribution, discussed in the Sections 4.1.10 and 
5.1.3, can be considered as one of the interesting examples of plasma induced 
inverse population of excited states. The Treanor effect provides, in particular, 
the physical conditions for generation in the CO-laser (see Bradley, 1980). 


6.9 Nonlinear Phenomena in Plasma 
6.9.1 Nonlinear Modulation Instability: Lighthill Criterion 


Consider a perturbation of some plasma parameter as a “wave package,” 
which is a group of waves with different but close wave vectors (Ak < k). 
The perturbation at a point “x” can be presented as 


a(x,t) = ) a(k) exp(ikx — iat), (6.9.1) 
k 


where a(k) is amplitude of the wave with wave vector k. To analyze further the 
evolution of the perturbation we can assume the following general dispersion 
relation w(k) for the wave 


dw 1 02 
= wk — (k = pk k 2 — (k = ko) (k — kọ)? 
otk) = alo) + gE = kok Ko) +5 age (= Kok — Ko) 
13v 
= 009 + Oge(k — ko) + 5 T (k — ko). (6.9.2) 


Here, ko is the average value of the wave vector for the group of waves; wọ 
is frequency corresponding to ko; Vgr is group velocity of the wave. Because of 
different group velocities for the waves with different values of wave vectors 
(0Vgr / dk #0), the group of waves (the initial perturbation) grows in size. 
If the waves are not interacting with each other (linear waves), the initial 
perturbation grows to the size Ax ~ 1/ Ak during the period of time about: t ~ 
( Ak? Avg; / dk)—!. Take into account the nonlinearity by introducing frequency 
dependence on the local value of amplitude E(x) 


o = wo — aE?, (6.9.3) 
where wo is the wave frequency in the low amplitude limit. Using Equa- 


tions 6.9.2 and 6.9.3 for frequency deviations, we can finally rewrite the 
expression (Equation 6.9.1) for plasma perturbation as 


aa Z OE ko) (x — xo) — ikoxo — i(k ka ia EZ COF]. 


(6.9.4) 
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Equation 6.9.4 shows the modulation of the group of waves, which is called 
the modulation instability. At some specific modes of the modulation insta- 
bility, the whole “wave package” decays into smaller groups of waves or 
can be “compressed” and converted into the specific single wave called the 
solitone. Competition between the two last terms in the exponent in Equa- 
tion 6.9.4 determines the type of evolution of the wave package. The term 
i(k — ko)? ðVgr/ðkt leads to expansion of the wave package, while the nonlin- 
ear term iaE(x)t can compensate the previous one. To compensate expansion 
of a perturbation, and provide an opportunity of the wave package decay 
into smaller groups of waves, compression or formation of solitones, the 
mentioned two terms should at least have different signs. This leads to the 
requirement 

OVgr 


ary 


<0, (6.9.5) 


which is called the Lighthill criterion. This criterion is necessary for the modu- 
lation instability and for the n-linear evolution of perturbations (or “the wave 
packages”) in plasma. 


6.9.2 Korteweg-de Vries Equation 


Influence of a weak nonlinearity on the wave package expansion due to 
dispersion w(k) can be described using the Korteweg-de Vries equation. Con- 
sider the propagation of the longitudinal long-wavelength oscillations (e.g., 
ionic sound). These oscillations at relatively long wavelengths (rok « 1) can 
be described by the following dispersion relation 


© = Vgrk(1 — rôk’). (6.9.6) 


In the case of the ionic wave, the size parameter ro corresponds to the Debye 
radius. Begin with the Euler equation for particle velocities in the longitudinal 
wave under consideration 

ðv əv F 


= SS 0: 9.7 
Ap SS a M 0 (6.9.7) 


MaI 


Here, v(x, t) is particle velocity in the longitudinal wave along the axis “x”; 

F is force acting on the plasma particle with mass M. For the linear approx- 

imation, assume V = Vg; + V’, where v' & Ug; is the plasma particle velocity 

with respect to the wave. Euler equation can be presented then as a linear one 
av’ dv F 


op TB ae = (6.9.8) 


with the function F/m considered as a linear operator of v’. In the harmonic 
approximation for the plasma particle velocities: v’ x exp(—iwt + ikx), choose 
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the linear operator F/m(v’) in sucha way to get from the linear relation (Equa- 
tion 6.9.8) the dispersion relation (Equation 6.9.6). This leads to the linear 


operator F/m’) = —13Vg0°0' /ax> and to the linear equations of motion in 
the form 

av! dv’ 4 080 

OE + Ugr (z +19 5x3 = 0. (6.9.9) 


The last term in this linear equation describes dispersion of the long- 
wavelength oscillations. To take into account the nonlinearity, replace v' by 
the plasma particle velocity v (the reverse step with respect to transition from 
Equations 6.9.7 to 6.9.8). This results in the nonlinear equation for plasma 
particles 


v v 
eF Tr + Ogro 53 = 0. (6.9.10) 


This motion equation for plasma particles is known as the Korteweg-de 
Vries equation. The Korteweg-de Vries equation is especially interesting 
for description of nonlinear dissipative processes because it takes into 
account both the nonlinearity and the dispersion of waves. It successfully 
describes the propagation in plasma of different long-wavelength oscillations 
corresponding to the dispersion equation 6.9.6. 


6.9.3 Solitones as Solutions of Korteweg-de Vries Equation 


The Korteweg-de Vries equation has a physically very interesting solution 
that corresponds to a lone or solitary nonharmonic wave, which is called soli- 
tones. Solitones are particular in their ability to maintain a fixed shape during 
propagation in a medium with dispersion. Although shorter harmonics are 
moving slower, the nonlinearity compensates this effect and the wave pack- 
age does not expand but rather keeps its shape. To describe the solitones, 
consider a wave propagating with velocity “u.” Dependence of the plasma 
particle velocities on coordinate and time can be presented as v = f (x — uf). 
In this case, dv/dt = —udv/dx and the Korteweg-de Vries equation can be 
rewritten as the following third-order ordinary differential equation: 


dv 2 dv 
(v —u)— + Veto gy3 = 


a 0. (6.9.11) 


Integration of Equation 6.9.11, taking into account the absence of the plasma 
particles velocity at infinity (v = 0, dv? /dx? =0 at x —> 00), leads to the 
second-order equation: 


d?v v? 
Ogro = uv — 5 (6.9.12) 
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FIGURE 6.40 
Illustration of the propagation of a solitone. 


The solitone, the solitary wave, is one of the solutions of the nonlinear 
equation 6.9.12 


TEN. (6.9.13) 


cosh? $ [0 
2ro 4 Ugr 


where cosh a is the hyperbolic cosine. Profiles of solitones with the same fixed 
parameters u, Vgr, and different amplitudes are illustrated in Figure 6.40. From 
the figure and Equation 6.9.13, the solitary wave becomes narrower with 
increase of its amplitude. The product of the amplitude of the solitone and 
the square of its width remains constant during its evolution. If the initial 
nonsolitone perturbation has relatively low amplitude, then the perturbation 
expands with time because of dispersion until the product of its amplitude 
and width square corresponds to the one for solitones (Equation 6.9.13). Then 
during its evolution, the perturbation converts into a solitone. Conversely, 
if the amplitude of an initial perturbation is relatively high, then during the 
evolution of the perturbation it decays to form several solitones. 


6.9.4 Formation of Langmuir Solitones in Plasma 


Formation of solitones in plasma is due to electric fields induced by a wave, 
which confines a plasma perturbation in a local domain. The higher the 
wave amplitude, the stronger the electric field that can be induced by this 
wave, and stronger effect of perturbation compression. It can be illustrated 
by plasma oscillation leading to formation of Langmuir solitones. The energy 
density of Langmuir oscillations at a point “x” is a function of time-averaged 
electric field: 
e9(E*(x,£)) 


Wa) =. (6.9.14) 
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Assume the electron and ion temperatures equal to the uniform value T, 
and assume plasma to be completely ionized and quasi-neutral. The 
total effective pressure is also constant in space for the long-wavelength 
plasma oscillations with propagation velocities much less than the speed of 
sound 


2ne(x)T + W(x) = 2neoT. (6.9.15) 


Here, neo is electron density at infinity, where there are no plasma oscilla- 
tions. The dispersion equation for plasma oscillations (Equation 6.5.6) can be 
then rewritten taking into account the relation (Equation 6.9.15) ina nonlinear 
way, including the effect of amplitude of electric field 


eo (E?) yT 
w(x) = oo ( = e) +" PR. (6.9.16) 


Here, po is plasma frequency far from the perturbation, T is plasma tem- 
perature, and y is the specific heat ratio. From Equation 6.9.16, taking into 
account that 


1 
E=Egcoswt, (E?) = 5 0 : 


e0E5 242 
w(x) = opo ( ak (6.9.17) 


The second and third terms are much less than unity; only the low levels 
of nonlinearity of the oscillations are considered. Equation 6.9.17 satisfies the 
Lighthill criterion (Equation 6.9.5). Differentiating Equation 6.9.13 


ðv 32w YVEQWp0 
Q Br =a = P < 


ok ak2 8mneo 


0. (6.9.18) 


This explains the formation of the solitary wave in plasma, called, in this case, 
the Langmuir solitone. 


6.9.5 Evolution of Strongly Nonlinear Oscillations, the Nonlinear 
lonic Sound 


Analyze the strong nonlinearity using ionic sound as an example. To describe 
the nonlinear ionic sound, use the Euler equation of ionic motion, the 
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continuity equation for ions and the Poisson equation: 


a t gx tigae =o (6.9.19) 
On; ð 

ri 4 nia) = 0, (6.9.20) 
32 

E “(ne —n). (6.9.21) 
ox £0 


Here, v; is the ion velocity in wave; ¢ is the electric field potential; ne, ni are 
the electron and ion densities; e is the electronic charge; M is the ion mass. 
Consider ionic motion as a wave propagating with velocity “u”; then the 
plasma parameters (vi, ni, ~) depend on coordinate x and time t as f (x — ut). 
Also take into account the high electron mobility, which results in their Boltz- 
mann quasi-equilibrium with electric field: ne = neo exp (e9/Te), where Te is 
the electron temperature and neo is the average density of charged particles. 
Then rewrite the system of Equations 6.9.19 through 6.9.21 as 


dvi dvi e dọ _ 
i tli. tog ae oO (6.9.22) 
d 
Gy ii —u)}=0, (6.9.23) 
a? e e 
= == [ro exp (£) = m| l (6.9.24) 
e 


Integrate Equations 6.9.22 and 6.9.23 assuming that there are no perturba- 
tions far enough from the wave (nj = neo, Vi = 0 at x —> oo). This leads to the 
following two nondifferential relations: 


v2 g 
A uo + 5 =0, (6.9.25) 
u 
Ni = Neo i (6.9.26) 
u — vi 


Based on these two relations, the Poisson equation 6.9.22 can be expressed 
as a second-order nonlinear differential relation between the electric field 
potential and wave velocity: 


d*p eneo eg u 
ae exp ( ) ‘ (6.9.27) 
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It can be converted into a first-order differential equation by multiply- 
ing Equation 6.9.27 by dg/dx, integrating, and assuming electric field and 
potential far from the wave equal to zero, ọ = 0, dọ/dx = 0: 


1 (do A NeoTe ep neoMu? 2ep 
1 1 1 =0. 
2 ($) ae PANTI Mu? 


(6.9.28) 


This nonlinear differential equation describes the solitary ionic sound waves, 
the ionic sound solitones, without limitations on their amplitudes. This equa- 
tion can illustrate the effects of strong nonlinearity. For example, analyze 
the relation between the maximum potential in the solitary wave ọ = Pmax 
and its propagation velocity u. To do that assume in Equation 6.9.28: ọ = 
max, Ag/dx = 0 and introduce the dimensionless variables: the dimension- 
less maximum potential § = e@max/Te and the dimensionless square of the 
wave velocity n = Mu? /2Te. Then rewrite Equation 6.9.28 as the algebraic 
relation: 


1 — exp) + 2n(1 — /1—E/n) = 0. (6.9.29) 


If the amplitude of the ionic-sound wave is small (g — 0), Equation 6.9.29 
gives n = 1/2 and u = /Te/M. Obviously, this corresponds to the conven- 
tional formula for velocity of ionic sound (Equation 6.5.14). In the opposite 
limit of the maximum amplitude for a solitone, the ion energy in the solitary 
wave exactly corresponds to the potential energy in the wave & = n. In this 
case, the critical value of § can be determined based on Equation 6.9.29 from 
the equation: 


1 — exp(&) +25 = 0. (6.9.30) 


Solving this equation yields: § = 1.26, e@max = 1.26Te, u = 1.58./Te/M. At 
amplitudes above the critical amplitude, ions are “reflected” by the wave. 
This results in decay of the strongly nonlinear wave into smaller separate 
wave packages. The solitones only exist at some limited levels of the wave 
amplitude. Large amplitudes and strong nonlinearity leads to decay of the 
solitary waves. 


6.9.6 Evolution of Weak Shock Waves in Plasma 


A weak shock wave means gas-dynamic perturbation related to a sharp 
change of derivatives of gas-dynamic variables, while change of these 
variables themselves is continuous. The evolution of shock waves can be 
stimulated by VT-relaxation and by chemical heat release in reactions of 
vibrationally excited molecules (Parity, 1967; Sydney, 1970; Capitelli, 2000). 
The phenomena can be described by transport equation for the amplitude 
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of weak shock wave a(x), derived based on the method of characteristics 
(Kirillov et al., 1983b). The weak shock wave a(x) amplitude is introduced by 
the relative change of space derivatives of gas-dynamic functions (gas density 
no, velocity vo, and pressure p) on the shock wave front: 


nP -nO = ano, (6.9.31a) 
vP — vE = axes, (6.9.31b) 
pi? — po = a(x)Mngc?. (6.9.31c) 


Here, cs is the speed of sound in unperturbed flow; no is the gas density in the 
flow; and M is the mass of molecules. One should note that not only the aver- 
age vibrational energy of the molecules, but also its derivative is continuous 
across the wave front in the weak shock waves (Clarke, 1978). Solution of the 
transport Equation (Rogdestvensky and Yanenko, 1978) describes the evolu- 
tion of the amplitude of a weak shock wave propagating along the plasma 
flow (Kirillov et al., 1983b): 


2 M+1 


x —1 
a(x) = i) h. Ha fse) Sai l : (6.9.32) 


x0 


In this relation, a; is initial amplitude of a weak shock wave (x = xg); the 
“+” sion corresponds to a shock wave propagating downstream; the sign 
corresponds to a shock wave propagating upstream; y is the specific heat ratio; 


M is the Mach number; the special function &(x) is defined by 


5/2 San aD. x P j 
_ (Csi M,+1 Actas 1 av (+yM-1 dx 
SaS (2) (a) exp | foment = mal M41 h 
Xo 


(6.9.33) 


“eo 


Here, csi, Mj are the initial values of the speed of sound and Mach number 
(at x = 0);cs and M are the current values of speed of sound and Mach number 
at any arbitrary x; v is the gas velocity; Sjin(x) is the increment of ampli- 
fication of gas-dynamic perturbations in linear approximation, determined 
by Equation 6.5.46. The nonlinear relations (Equations 6.9.32 and 6.9.33) 
take into account the nonuniformity of the medium where the weak shock 
wave propagates. The nonuniformity is taken into account by means of the 
pre-exponential factor and by the second term under the integral in Equa- 
tion 6.9.33. If dv /dx = 0 and the coordinate x is close to the initial coordinate 
xo, then the nonlinear relations (Equations 6.9.32 and 6.9.33) obviously become 
identical to the result of linear approach Equation 6.5.46. 
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6.9.7 Transition from Weak to Strong Shock Wave 


Equations 6.9.32 and 6.9.33 permit describing the transition from a weak to a 
strong shock wave, which corresponds to |a(x)| — oo. Strong shock wave 
appears at a critical point xer, where the denominator of Equation 6.9.32 
becomes equal to zero: 


= 71. (6.9.34) 


7 “jE ME 


x 
y+1 | dx’ 
xo 


The strong shock wave can be generated only from waves of compression 
(for compression waves moving downstream a; < 0, upstream a; > 0) with 
initial amplitude exceeding the critical one: 


oO —1 
+1 dx 
il > acr = [H bora (6.9.35) 
Xo 


The threshold for generation of a strong shock wave, Equation 6.9.35, 
depends on the gradient of the background flow velocity dv /dx, where the 
perturbation propagates (see Equation 6.9.33). 


PROBLEMS AND CONCEPT QUESTIONS 


1. Ideal and nonideal plasmas. Based on Equation 6.1.1, calculate the 
minimum electron density necessary to reach conditions of the non- 
ideal plasma: (1) at electron temperature 1 eV and (2) at electron 
temperature equal to room temperature. 

2. Derivation of Debye radius. To derive the formula for the Debye 
radius, it was assumed that ep/T « 1 to expand the Boltzmann dis- 
tribution in Taylor series. Show that this assumption is equivalent 
to the requirement of plasma ideality. 

3. Number of charged particles in Debye sphere. The number of particles 
necessary for “screening” of the electric field of a charged particle 
(Figure 6.1) can be found as the number of charged particles in a 


Debye sphere. Show that this number is T3 (4n20)3 / ene, and is 


large in ideal plasma. 

4. The Bohm sheath criterion. Based on Equation 6.1.9 for potential dis- 
tribution in sheath, show that the ion velocity on the steady-state 
plasma-sheath boundary exceeds the critical Bohm velocity. 

5. Floating potential. Microparticles or aerosols are usually negatively 
charged in steady-state plasma and have negative floating poten- 
tial (Equation 6.1.12) with respect to plasma. Estimate the negative 
charge of such particles as a function of their radius. Assume that 
microparticles are spherical and located in nonthermal plasma with 
electron temperature is about 1 eV. 
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Matrix and Child law sheaths. Calculate the matrix and Child law 
sheaths for nonthermal plasma with electron temperature 3 eV, elec- 
tron concentration 10!2cem73 and sheath voltage 300 V. Compare the 
results obtained for the models of matrix and Child law sheaths. 
Plasma oscillations and plasma frequency. Calculate the plasma den- 
sity necessary to resonance between plasma oscillations (Langmuir 
frequency [Equation 6.1.19]) and vibration of molecules. Is it possi- 
ble to use such resonance for vibrational excitation of molecules in 
plasma without electron impacts? 

6.10.8 Skin-layer depth as a function of frequency and conductivity. 
Both skin-layer depth and Debye radius reflect plasma tendency 
to “screen” itself from external electric field. Compare these two 
effects qualitatively as well as numerically for typical parameters 
of nonthermal plasma. 

Magnetic field frozen in plasma. The magnetic field becomes frozen 
in plasma when conductivity is high. Find the minimum value of 
conductivity necessary to provide the effect, calculate correspond- 
ing level of plasma density. Use the magnetic Reynolds number 
criterion for calculations. 

Magnetic pressure and plasma equilibrium in magnetic field. Estimate 
the magnetic field necessary to provide a sufficient level of magnetic 
pressure to balance the hydrostatic pressure of hot confined plasma. 
For calculations take typical parameters of the hot confined plasma 
from Table 6.2. 

The Pinch-effect, Bennet relation. Derive the Bennet relation (Equa- 
tion 6.2.14) for equilibrium of the completely ionized Z-pinch 
plasma using Equation 6.2.10 or 6.2.12, combined with the first 
Maxwell Equation (Equation 6.2.3) for self-magnetic field of the 
plasma column. Calculate how the radius of a plasma cylinder in 
the Z-pinch depends on the discharge current. 

Two-fluid magneto-hydrodynamics. Give a physical interpretation 
of Equation 6.2.19 between the magnetic field and electron gas 
velocity, derived in the frameworks of the two-fluid magneto- 
hydrodynamics. This relation implies that the magnetic field is 
frozen specifically in plasma electrons. 

Plasma diffusion across magnetic field. Comparing Equations 6.2.22 
and 6.2.23, discuss the contribution of ions in plasma diffusion 
across magnetic field. Consider cases of magnetized and nonmag- 
netized electrons and ions. 

The Larmor radius and diffusion of magnetized plasma. Derive Equa- 
tion 6.2.26 for the diffusion coefficient of plasma across the uniform 
magnetic field in terms of the Larmor radius. Find the criterion for 
the minimum magnetic field necessary to decrease the diffusion 
across the magnetic field. 

The magnetic Reynolds number. Compare magnetic and kinematic 
viscosity in plasma and discuss difference between magnetic and 
conventional Reynolds numbers. Compare the consequences of 
high magnetic Reynolds number in plasma and high Reynolds 
number in nonmagnetic fluid mechanics. 
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16. Thermal instability in monatomic gases. The ionization-overheating 
instability can be explained by the chain of causal links 
(Equation 6.3.1). Explain why the sequence of events shown in 
Equation 6.3.1 cannot take place in nonequilibrium supersonic 
discharges? 

17. Thermal and vibrational modes of the ionization-overheating instability. 
Compare Equations 6.3.7 and 6.3.8 for the instability increment in 
thermal and vibrational modes. Explain why one of them is propor- 
tional and other inversely proportional to the logarithmic sensitivity 
of VT relaxation rate. 

18. Electron attachment instability. Why does the electron attachment 
instability affect plasma-chemical process much less than thermal 
(ionization-overheating) instability? Compare typical frequencies 
of the electron attachment instability with those of vibrational exci- 
tation by electron impact and VT-relaxation at room temperature. 

19. Critical heat release in supersonic flows. Estimate the maximum con- 
version degree for the plasma-chemical process with AH ~ 1 eV in 
supersonic flow in a constant cross section reactor with energy effi- 
ciency about 30% and initial stagnation temperature 300 K. Assume 
the maximum heat release as half of the critical one and assume 
typical values of specific heats as those for diatomic gases. 

20. Profiling of nonthermal discharges in supersonic flow. The effect of crit- 
ical heat release in supersonic flow can be suppressed by duct 
profiling and keeping the Mach number constant. Using Equations 
6.4.7 and 6.4.8, calculate the increase of the reactor cross section in 
the discharge zone to provide the conditions of the constant Mach 
number for M = 3 in CO) and initial temperature Too = 300 K. 

21. Dynamics of vibrational relaxation in transonic flows. Transonic flows 
can be stable with respect to thermal instability of vibrational relax- 
ation at Mach numbers less but close to unity (see Equation 6.4.28). 
However, in this case, the critical heat release is small because of 
nearness of speed of sound. Estimate the maximum possible heat 
release for the transonic flows with the Mach numbers sufficient to 
observe the stabilization effect. 

22. Space-nonuniform vibrational relaxation. Explain the qualitative phys- 
ical difference between vibrational and translational modes of the 
nonuniform spatial vibrational relaxation. Why is the vibrational 
mode stable in most of practical discharge conditions? 

23. Electrostatic plasma waves. Using the dispersion Equation 6.5.6 show 
that product of phase and group velocities of the electrostatic 
plasma waves corresponds to the square of thermal electron veloc- 
ities at any values of wave number. Which of the two characteristic 
wave velocities are larger? 

24. Ionic sound. Based on the dispersion equation 6.5.14 derive relation 
for the group velocity of ionic sound. Compare the group velocity 
with the phase velocity of the ionic sound. 

25. Criterion of collisionless damping of plasma oscillations. The criterion 
(Equation 6.5.23) of the collisional damping of electrostatic plasma 
oscillations was derived in the case when the electron distribution 
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function is not perturbed by interaction with waves. Prove that this 
criterion of the collisionless damping can be applied in general case, 
even when the relative level of perturbations of plasma density is 
high and inequality (Equation 6.5.22) is not valid. 

Landau damping. Estimate the coefficient y for Landau damping 
for electrostatic plasma oscillations (in œpunits) in typical range 
of microwave frequencies. Assume that the plasma oscillation 
frequency is close to the Langmuir frequency, krp % 0.1. 

Beam instability. Estimate the increment y of Langmuir oscillations in 
electron beam instability (Equation 6.5.28) assuming plasma den- 
sity 10!2cm73, electron beam density 10°cm73. Estimate the gas 
pressure at which this increment exceeds the frequency of electron- 
neutral collisions responsible for collisional damping of plasma 
oscillations (Equation 6.5.7). 

Amplification of acoustic waves in nonequilibrium plasma. Based on the 
complex dispersion equation 6.5.47, derive a relation for coefficient 
of amplification of acoustic waves in nonequilibrium plasma in the 
presence of intense plasma-chemical reactions. 

High-frequency dielectric permittivity of plasma. Explain why the high- 
frequency dielectric permittivity of plasma is less than 1, while for 
conventional dielectric materials the dielectric constant is greater 
than 1. What is the principal physical difference between these two 
cases? 

Attenuation of electromagnetic waves in plasma. Based on Equa- 
tion 6.6.18, estimate the attenuation coefficient « of electromagnetic 
waves in plasma in the case of low conductivity om X £w£0%. 
Compare the result with relation (Equation 6.6.17). 

Electromagnetic waves in magnetized plasma. Based on Equation 6.6.42, 
find the resonance frequencies for electromagnetic waves propagat- 
ing along the magnetic field, taking into account the ionic motion. 
Compare the frequencies with the electron-cyclotron frequency 
(@ = wp). 

Emission and absorption of radiation by free electrons. Based on the 
energy and momentum conservation laws for collision of an elec- 
tron and photon, prove that neither emission nor absorption of 
radiation is possible for free electrons. Analyze the role of the third 
heavy collision partner. Explain why a second free electron cannot 
be an effective third partner. 

Spontaneous and stimulated emission, the Einstein relation. Using the 
relation between the Einstein coefficients, analyze the relative 
contribution of spontaneous and stimulated emission in quasi- 
equilibrium plasma conditions. Assume the quasi-equilibrium 
temperature 10,000 K. 

Cross section of the bremsstrahlung emission. Using Equations 
6.7.19 and 6.7.21, estimate numerically typical values of the 
bremsstrahlung emission cross sections per unit interval of radi- 
ation frequencies for typical thermal plasma parameters. Com- 
pare the relative contributions of electron-ion and electron-neutral 
collisions in the bremsstrahlung emission in thermal plasma. 
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35. Total emission in continuous spectrum. Total spectral density of plasma 
emission in continuous spectrum consists of bremsstrahlung and 
recombination components. After integration over the spectrum, 
these total plasma radiative energy losses per unit time and unit 
volume can be calculated using Equation 6.7.33. Calculate radiative 
power per unit volume for typical conditions of thermal plasma 
with T = 10,000 K and compare with the typical value of specific 
thermal plasma power of about 1 kW/cm. 

36. Total plasma absorption in continuum, the Unsold—Kramers formula. 
Using the Unsold—Kramers formula, discuss plasma absorption 
in continuum as a function of temperature. Estimate the quasi- 
equilibrium plasma temperature, when maximum absorption of red 
light can be achieved. 

37. Optical thickness and emissivity coefficient. In optically thin plasmas, 
the total emissivity coefficient coincides with the optical thickness: 
€ = To. Derive the relation between these two parameters in general 
case. Discuss their dependence on radiation frequency. 

38. Probability of the bound—bound transition, intensity of spectral line. Using 
Equation 6.8.2 for intensity of spectral lines, estimate the ratio 
of the spontaneous emission frequencies for the cases of transi- 
tions between different electronic states and transitions between 
vibrational levels for the same electronic state. Estimate absolute 
spontaneous emission frequencies, using data from Table 6.4. 

39. Natural profile of a spectral line. The photon distribution function and 
natural profile of spectral line, related to finite lifetime of excited 
states, can be described by the Lorentz profile (Equation 6.8.6). Show 
that the Lorentzian profile satisfies the normalization criterion: 


+00 
f F(w)do = 1. 
—0oo 

40. Doppler broadening of spectral lines. The Doppler broadening of spec- 
tral lines depends on gas temperature and atomic mass, while nat- 
ural width does not. Estimate minimal temperature when Doppler 
broadening of argon line ^ = 696.5 nm exceeds the natural width of 
the spectral line. 

41. Pressure broadening of spectral lines. Using Equation 6.8.10 for the 
pressure broadening profile, compare the half-widths for this case 
(at different pressures and temperatures) with those typical for the 
Doppler broadening of spectral lines in thermal plasmas, as well as 
with the natural half-width. 

42. The Stark broadening of spectral lines. Based on Equations 6.8.12 and 
6.8.10, compare the half-width for the total Stark and pressure 
broadening effects. For typical conditions of nonthermal plasma, 
determine the degree of ionization when these two broadening 
effects are the same order of magnitude. How does the critical 
ionization degree depend on pressure? 

43. The Voigt profile of spectral lines. The Voigt profile is a result of con- 
volution of the Gaussian and Lorentzian profiles. Prove that the 
integral Voigt profile (Equation 6.8.13) becomes either Gaussian or 
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Lorentzian in the cases of significant prevailing of the Doppler or 
Stark (or pressure) broadening effects. 

Absorption of radiation in a spectral line by one classical oscillator. By 
integrating Equation 6.8.19, prove that the spectral line area f Owdv 
characterizing the absorption of one oscillator is constant, and does 
not depend on the frequency 1g (ov) , t! related to broadening. 
The oscillator power. Give a physical interpretation to the fact that 
the oscillator powers for the one-electron transitions are less than 
unity and they approach the unity for the strongest spectral lines. 
Analyze Equation 6.8.22 and data presented in Table 6.4. 

Inverse population of excited states and the laser amplification coefficient. 
Based on Equation 6.8.26 estimate the laser amplification coefficient, 
assuming that the inverse population of excited states is due to the 
Treanor effect (see Sections 4.1.10 and 5.1.3). 

The Carteveg—De Vries equation and dispersion equation of the ionic 
sound. Compare the dispersion (Equation 6.9.6) used for derivation 
of the Carteveg—De Vries equation with the dispersion equation for 
the ionic sound (Equation 6.5.14). Determine the criterion of the 
approximation. Is this criterion specific for the ionic sound or it 
can be generalized for consideration of nonlinear behavior of other 
waves? 

Solitones as solutions of the Korteweg—De Vries equation. Prove that 
solitones (Equation 6.9.13) are solutions of the Korteweg—De Vries 
equation in the form of Equations 6.9.12 and 6.9.10. Using the gen- 
eral expression (Equation 6.9.13) for solitones, analyze a relation 
between velocity amplitude in the solitary wave and characteristic 
width of the solitone. Prove that product of the solitone’s amplitude 
and square of the solitone’s width has the constant value during its 
evolution. 

The Langmuir solitones. Analyze the Lighthill criterion for plasma 
oscillations, using the nonlinear dispersion equation 6.9.16. Com- 
pare this criterion with Equation 6.9.18 derived from the dispersion 
equation 6.9.17, where the low level of nonlinearity of plasma 
oscillations was directly assumed. 

Nonlinear ionic sound. Analyzing Equations 6.9.22 through 6.9.26 
describing the nonlinear ionic sound, show that in this case, the 
ionic velocity is always less than the velocity of wave propagation 
(vi < u). Based on the same equations prove that electric field poten- 
tial in the ionic sound wave is always positive with respect to the 
potential at infinity. 

Velocity of the nonlinear ionic-sound waves. Analyzing Equation 6.9.29 
prove that the velocity of ionic sound at low amplitudes is equal to 
Csi = /Te/M. During the derivation pay attention to the fact that the 
second-order expansion in series is necessary to obtain the result. 
The tonic-sound solitones. Based on Equation 6.9.29 determine the 
maximum possible amplitude of the potential in the solitary ionic- 
sound wave. Analyze the dependence of amplitude of the wave and 
its velocity near the critical value of the amplitude. How does the 
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nonlinear ionic-sound wave velocity depend on amplitude of the 
wave? 

53. Evolution of weak shock waves in plasma. As was mentioned dur- 
ing consideration of Equations 6.9.31a through 6.9.31c not only the 
average vibrational energy of molecules itself, but also its space 
derivative is continuous across the wave front in the weak shock 
waves in plasma. 

54. Comparison of linear and nonlinear approaches to evolution of perturba- 
tions. Analyzing Equations 6.9.32 and 6.9.33 prove that the nonlinear 
Equations 6.9.32 and 6.9.33 become identical to the result of linear 
approach (Equation 6.5.46), if the flow can be considered as uniform 
dv/dx = 0 and the coordinate x is close to the initial one xg (which 
means small shock wave amplitude). 

55. Generation of strong shock waves and detonation waves in plasma. Ana- 
lyze the behavior of plasma with strong vibrational-translational 
nonequilibrium sustained in supersonic flow when the heat release 
approaches the critical value. Apply Equation 6.9.35 to describe a 
strong shock wave. Is it possible to reach the conditions necessary 
for propagation of a detonation wave in this case? 


Part Il 


Physics and Engineering of 
Electric Discharges 


7 


Glow Discharge 


7.1 


7.1.1 


Electric discharges in gases are generators of plasma. The term “gas dis- 
charge” initially defined the process of “discharge” of a capacitor into a circuit 
containing a gas gap between two electrodes. If the voltage between the elec- 
trodes is sufficiently large, breakdown occurs in the gap, the gas becomes 
a conductor, and the capacitor discharges. Now the term gas discharge is 
applied more generally to any system with ionization in a gap induced by 
the electric field. Even electrodes are not necessary in these systems since dis- 
charges can occur just by interaction of electromagnetic waves with the gas. 
A variety of electric discharges can be classified according to their physical 


Structure and Physical Parameters of Glow Discharge 
Plasma, Current-Voltage Characteristics: Comparison 
of Glow and Dark Discharges 


General Classification of Discharges, Thermal and Nonthermal 
Discharges 


features and different peculiarities, for example: 


High-pressure discharges (usually atmospheric ones, like arcs or corona) 
and low-pressure discharges (10 Torr and less, like glow discharges): The 
differences between these are mostly as to how the discharge walls 
are involved in the kinetics of charged particles, energy, and mass 
balance. Low-pressure discharges are usually cold and not very 
powerful, while high pressure discharges can be both very hot and 
powerful (arc) as well as cold and weak (corona). 


Electrode discharges (like glow and arc) and electrodeless discharges (like 
inductively coupled radio frequency RF and microwave): Differences 
between these are related mostly in the manner that electrodes con- 
tribute to sustaining electric current by different surface ionization 
mechanisms and as a result closing the electric circuit. The electrode- 
less discharges play an important role in “clean” technologies, where 
material erosion from electrodes is undesirable. 


Direct current (DC) discharges (like arc, glow, and pulsed corona) and non- 
DC discharges (like RE, microwave and most of dielectric barrier discharges 
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(DBD)): The DC-discharges can have either constant current (arc, 
glow) or can be sustained in pulse-periodic regime (pulsed corona). 
The pulsed periodic regime permits providing higher power in cold 
discharges at atmospheric pressure. Non-DC discharges can be either 
low or high frequencies (including radio frequency and microwave). 
Because of the skin effect, microwave discharges can be sustained 
continuously in a nonequilibrium way at moderate pressures at 
extremely high power levels up to 1 MW. 


e Self-sustained and non-self-sustained discharges: Non-self-sustained dis- 
charges can be externally supported by electron beams and ultravio- 
let radiation. Probably the most important aspect of these discharges 
is the independence of ionization and energy input to the plasma. 
This permits achieving large energy inputs at high pressures without 
serious instabilities. 


e Thermal (quasi-equilibrium) and nonthermal (nonequilibrium) discharges: 
As is clear from their names, the thermal discharges are hot (10,000- 
20,000 K), while the nonthermal discharges operate close to room 
temperature. The difference between these two qualitatively dif- 
ferent types of electric discharges is primarily related to differ- 
ent ionization mechanisms. Ionization in nonthermal discharges is 
mostly provided by direct electron impact (electron collisions with 
“cold” nonexcited atoms and molecules), in contrast to thermal 
discharges where ionization is due to electron collisions with pre- 
liminary excited hot atoms and molecules. Thermal discharges (the 
most typical example is an electric arc) are usually powerful, eas- 
ily sustained at high pressures, but operate close to thermodynamic 
equilibrium and are not chemically selective. The nonthermal dis- 
charges (the most typical example is the glow discharge) are very 
selective with respect to plasma-chemical reactions. The nonther- 
mal discharges can operate very far from thermodynamic equi- 
librium with very high-energy efficiency, but usually with limited 
power. 


7.1.2 Glow Discharge: General Structure and Configurations 


The name “glow discharge” is used just to point out the fact that plasma 
of the discharge is luminous (in contrast to the relatively low power dark 
discharge). According to more descriptive physical definition, a glow dis- 
charge is the self-sustained continuous DC discharge having a cold cathode 
that emits electrons as a result of secondary emission mostly induced by 
positive ions. A schematic drawing of a typical normal glow discharge is 
shown in Figure 7.1. An important distinctive feature of the general structure 
of a glow discharge is the cathode layer (see Figure 7.1) with large positive 
space charge and strong electric field with a potential drop about 100-500 V. 
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FIGURE 7.1 
General structure of the glow discharge. 


The thickness of the cathode layer is inversely proportional to the density 
and pressure of the gas. If the distance between electrodes is sufficiently 
large, quasi-neutral plasma with a low electric field, the so-called positive 
column, is formed between the cathode layer and the anode (see Figure 7.1). 
The positive column of a glow discharge is the most traditional example of 
weakly ionized nonequilibrium low-pressure plasma. The positive column 
is separated from the anode by an anode layer. The anode layer (see Figure 
7.1) is characterized by negative space charge, a slightly elevated electric field 
and also special potential drops. The most conventional configuration of a 
glow discharge tube is the one with typical parameters given in Table 7.1. 
This classical discharge tube was widely investigated and industrially used 
for several decades in fluorescent lamps as a lighting device. Other glow 
discharge configurations, applied in particular for thin film deposition and 
electron bombardment are shown in Figure 7.2. The coplanar magnetron glow 
discharge convenient for plasma-assisted sputtering and deposition includes 
magnetic field for plasma confinement (Figure 7.2a). The configuration, opti- 
mized as an electron bombardment plasma source (Figure 7.2b) is coaxial and 


TABLE 7.1 

Characteristic Parameter Ranges of the Conventional 
Glow Discharge in a Tube 

Glow Discharge Parameter Typical Values 
Discharge tube radius (cm) 0.3-3 
Discharge tube length (cm) 10-100 
Plasma volume (cm73) ~100 
Gas pressure (Torr) 0.03-30 
Voltage between electrodes (V) 100-1000 
Electrode current (A) 1074-0.5 
Power level (W) ~100 
Electron temperature in positive column (eV) 1-3 


Electron density in positive column (cm7) 109-1011 
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FIGURE 7.2 
(a) Magnetron and (b) hollow cathode glow discharge configurations. 


includes the hollow cathode ionizer as well as a diverging magnetic field. 
The strongly nonequilibrium glow discharge plasma has been successfully 
applied at different power levels as the active medium for different gas lasers. 
Attempts to increase specific (per unit volume) and the total power of the 
lasers also resulted in significant modifications of the glow discharge config- 
uration (see Figure 7.3). At high power levels, it is a parallel plate discharge 
with a gas flow. The discharge can be transverse with the electric current 
perpendicular to the gas flow (Figure 7.3a) or longitudinal if these are par- 
allel to each other (Figure 7.3b). These powerful glow discharges operate at 
higher levels of current and voltage, reaching values of 10-20 A and 30-50 kV, 
respectively. 


7.1.3 Glow Pattern and Distribution of Plasma Parameters 
along the Glow Discharge 


Let us analyze the pattern of light emission in a classical low-pressure dis- 
charge in a tube. Along such a discharge tube, a sequence of dark and bright 
luminous layers is seen (Figure 7.4a). The typical size-scale of glow discharge 
structure is usually proportional to the electron mean free path ^ « 1/p, and 
hence inversely proportional to the pressure. For this reason, it is easier to 
observe the glow pattern at low pressures, when the distance between the 
layers is sufficiently large. Thus, the layered pattern extends to centimeters 
when the pressure is about 0.1 Torr. Special individual names were given to 


(b) 


FIGURE 7.3 
(a) Transverse and (b) longitudinal configurations of glow discharges in gas flow. 
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FIGURE 7.4 
Physical parameters distribution in a glow discharge: (a) structure, (b) light emission, (c) potential, 
(d) electric field, (e) current density, (f) electron and ion densities, (g) charge density. 


each layer shown in Figure 7.4a. Immediately adjacent to cathode is a dark 
layer known as the Aston dark space. Then there is a relatively thin layer 
of the cathode glow. This is followed by the dark cathode space. The next 
zone is the so-called negative glow, which is sharply separated from the dark 
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cathode space. The negative glow gradually decreases in brightness toward 
the anode, becoming the Faraday dark space. Only after that does the posi- 
tive column begin. The positive column is bright (though not as bright as the 
negative glow), uniform, and relatively long if the discharge tube length is 
sufficiently large. In the area of the anode layer, the positive column is trans- 
ferred first into the anode dark space, and finally into the narrow anode glow 
zone. The layered pattern of the glow discharge can be interpreted accord- 
ing to the distribution of the discharge parameters shown in Figure 7.4b-g. 
Electrons are ejected from the cathode with relatively low energy (about 1 eV) 
which is insufficient to excite atoms; this explains the Aston dark space. Then 
electrons obtained from the electric field with sufficient energy for electronic 
excitation provides the cathode glow. Further acceleration of electrons in the 
cathode dark space leads mostly not to electronic excitation but to ionization 
(see Section 3.3.8). This explains the low level of radiation and significant 
increase of electron density in the cathode dark space. Slowly moving ions 
have relatively high concentrations in the cathode layer and provide most of 
electric current. The high electron density at the end of the cathode dark space 
results in a decrease of the electric field, and hence a decrease of the electron 
energy and ionization rate, but leads to significant intensification of radiation. 
This is the reason for the transition to the brightest layer of the negative glow. 
On moving further and further from cathode, the electron energy decreases 
resulting in a transition from the negative glow to the Faraday dark space. 
Plasma density decreases in the Faraday dark space and the electric field 
again grows finally establishing the positive column. The average electron 
energy in positive column is about 1-2 eV, which provides emission of light 
in this major part of the glow discharge. Notice that the cathode layer struc- 
ture remains the same if electrodes are moved closer at fixed pressure, while 
the positive column shrinks. The positive column can be extended between 
connecting electrodes. The anode repels ions and removes electrons from the 
positive column, which creates the negative space charge and leads to some 
increase of electric field in the anode layer. Reduction of the electron density 
in this zone explains the anode dark space, while the electric field increase 
explains the anode glow. 


7.1.4 General Current-Voltage Characteristic of Continuous Self-Sustained 
DC Discharges between Electrodes 


If the voltage between electrodes exceeds the critical threshold value V; 
necessary for breakdown, a self-sustained discharge can be ignited. The 
current-voltage characteristic of such a discharge is illustrated in Figure 7.5 
for a wide range of current I. The electric circuit of the discharge gap also 
includes an external ohmic resistance R. Then the Ohm’s law for the circuit 
can be presented as 


EMF = V + RI, (7.1.1) 
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FIGURE 7.5 
Current voltage characteristics of DC discharges. 


where EMF is the electromotive force, V is the voltage on the discharge gap. 
Equation 7.1.1 is usually referred to as the load line. This straight line corre- 
sponds to Ohm’s law and is also shown in Figure 7.5. The intersection of the 
current-voltage characteristic and the load line gives the actual value of cur- 
rent and voltage in a discharge. If the external ohmic resistance is sufficiently 
large and the current in the circuit is very low (about 10~!°-10-° A), then the 
electron and ion densities are so negligible that perturbations of the external 
electric field in plasma can be neglected. Such a discharge is known as the 
dark Townsend discharge. The voltage necessary to sustain this discharge 
does not depend on the current and coincides with the breakdown voltage. 
The dark Townsend discharge corresponds to the plateau BC in Figure 7.5. 
An increase of voltage or decrease of the external ohmic resistance R leads to 
growth of the discharge current and plasma density, which results in a signifi- 
cant reconstruction of the electric field. This leads to reduction of voltage with 
current (interval CD in Figure 7.5) and to the transition from a dark discharge 
to a glow discharge. This low current version of glow discharge is called the 
sub-glow discharge. Further EMF increase or R reduction leads to the lower 
voltage plateau DE on the current-voltage characteristic, corresponding to 
the normal glow discharge. The normal glow discharge exists over a range 
of currents 10~4-0.1 A. The current density on the cathode is fixed in normal 
glow discharges. Increase of the total discharge current occurs only by growth 
of the so-called cathode spot through which the current flows. Only when the 
current is so large that no additional free surface remains on the cathode, 
does further current growth require a voltage increase to provide higher val- 
ues of current density. Such a regime is called the abnormal glow discharge 
and corresponds to the interval EF on the current-voltage characteristic on 
Figure 7.5). Further increase of the current accompanied by voltage growth 
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in the abnormal glow regime leads to higher power levels and transition 
to arc discharges. The glow-to-arc transition usually occurs at currents 
about 1 A. 


7.1.5 Dark Discharge Physics 


The distinctive feature of the dark discharge is the smallness of its current and 
plasma density, which keeps the external electric field almost unperturbed. 
In this case, the steady-state continuity equation for charged particles can be 
expressed taking into account their drift in electric field and ionization as 


- = ije; 2 = —Q je. (7.1.2) 
The direction from the cathode to the anode is chosen as the positive one. 
je and j+ are the electron and positive ion current densities, « is the Townsend 
coefficient the characterizing rate ionization per unit length (see Section 4.4.1). 
Addition of the two expressions in Equation 7.1.2 gives je + j+ = j = const, 
which reflects the constancy of the total current. The boundary conditions on 
the cathode (x = 0) relates the ion and electron currents on the surface due to 
the secondary electron emission (with coefficient y, see Section 8.2.5): 


jec(x = 0) = yjac(x =0) = ext (7.1.3) 


The boundary conditions on the anode (x = dp where dọ is the inter-electrode 
distance) reflects the absence of ion emission from the anode 


j+a x =do) =0, jea(x = do) =j. (7.1.4) 


Taking into account the boundary condition on cathode in Equation 7.1.3 
and assuming the constancy of the Townsend coefficient a, the solution of 
Equation 7.1.2 can be expressed as 


Y 
1+y 


5 A A ; y 
= x), =j{1-—- x 7.1.5 
Je Jexp(ax), j+ i( inp ee ) (7.1.5) 
Equation 7.1.5 should satisfy the anode boundary conditions. This is pos- 
sible if the electric field, and hence the Townsend coefficient a, is sufficiently 
large 


1 
anas = (7.1.6) 
y 


This formula describing the self-sustained dark discharge, coincides with the 
breakdown condition in the gap (see Section 4.4.1, Equation 4.4.4). Taking into 
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account the self-sustained discharge condition in Equation 7.1.6, the relation 
between currents (Equation 7.1.5) can be rewritten as 


a = exp[a(dg — x)] — 1. 
i (7.1.7) 


É = opl a(do — x)], ao exp[—a(do — x)], 


According to Equation 7.1.6, 


1 
ado = In yti > 1 because y <1 (ado = 4.6 if > = 0.01). 
Y 


From Equation 7.1.7, the ion current exceeds the electron current over the 
major part of discharge gap (Figure 7.6). The electron and ion currents become 
equal only near the anode (je = j+ at x = 0.85d9). The difference in the density 
of electrons and ions is even more because of large differences in electron and 
ion mobilities (me, 44). Electron and ion densities become equal at a point 
close to the anode (see Figure 7.6), where 


Hi Wed E He [exp a(dg — x) — 1]. (7.1.8) 


Ne + Je M+ 


1= 


Assuming |Le/jt+ ~ 100, from Equation 7.1.8 the electron and ion concentra- 
tions become equal at x = 0.998. Almost the entire gap is charged positive in 
a dark discharge. However, the absolute value of the positive charge is not 
high because of low current and hence low ion density in this discharge. 


7.1.6 Transition of Townsend Dark to Glow Discharge 


The transition from the dark to glow discharge is due to the growth of the pos- 
itive space charge and distortion of the external electric field, which results in 
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FIGURE 7.6 
(a) Current density and (b) electron/ion density distributions in a dark discharge. 
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the formation of the cathode layer. To describe this transition, use the Maxwell 
equation: 
dE 


1 
dx = Re — Ne). (7.1.9) 


Assuming n+ © j/ew4E >> ne, Equation 7.1.9 gives the distribution of electric 


field: 
x eou+E2 
= 2 po ; 7.1.1 
E=E,,/1 7 zj ( 0) 


Here, E, is the electric field at the cathode. The electric field decreases near 
the anode with respect to the external field and grows in the vicinity of the 
cathode, see Figure 7.7. As seen from Equation 7.1.10 and Figure 7.7, higher 
current densities lead to more distortion of the external electric field. The 
parameter d in Equation 7.1.10 corresponds to a virtual point, where the elec- 
tric field becomes equal to zero. This point is located far beyond the discharge 
gap (d > do) at low currents typical for dark discharges. However, when the 
current density becomes sufficiently high, this imaginary point of zero electric 
field can reach the anode (d = do). This critical current density is the maximum 
for the dark discharge. This current density corresponds to the formation of 
the cathode layer and to transition from the dark to glow discharge: 


; E€ E2 
Paa a c, (7.1.11) 


According to Equation 7.1.11, for numerical calculations, the electric field 
in the vicinity of the cathode is estimated as the breakdown electric field. 
For example, in nitrogen at a pressure 10 Torr, inter-electrode distance 10 cm, 
electrode area 100 cmĉ, and secondary electron emission coefficient y = 1072, 
the maximum dark discharge current can be estimated from as jmax © 3 x 
1075A. When the current density of a dark discharge is relatively high and the 
electric field nonuniform, Equation 7.1.10 should be taken into account and 
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FIGURE 7.7 
Electric field evolution in a dark discharge. 
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the self-sustained dark discharge condition (Equation 7.1.6) must be rewritten 
in integral form: 


do 
| ofE(x)] dx = In n (7.1.12) 
0 


Typical voltage of a glow discharge is lower than the value of a dark discharge 
(see Figure 7.5). The growth of the positive space charge during the dark-to- 
glow transition results in the redistribution of the initially uniform electric 
field: it becomes stronger near cathode and lower near the anode. However, 
the increase of the exponential function a[E(x)] on the cathode side is more 
significant than its decrease on the anode side. The nonuniformity of the elec- 
tric field facilitates the breakdown condition (Equation 7.1.12), which explains 
why the voltage of a glow discharge is lower than in a dark discharge. 


ee 
7.2 Cathode and Anode Layers of a Glow Discharge 
7.2.1 The Engel-Steenbeck Model of a Cathode Layer 


When voltage is applied to a discharge gap, the uniform distribution of the 
electric field is not optimal to sustain the discharge. It is easier to satisfy the 
above criterion in Equation 7.1.12, if sufficiently high potential drop occurs in 
the vicinity of cathode, for example, in the cathode layer. As was mentioned 
in Section 7.1, the required nonuniformity of the electric field can be provided 
in the discharge gap by the positive space charge formed near the cathode 
due to relatively low ion mobility. The qualitative theory of a cathode layer 
was developed by von Engel and Steenbeck (1934). The electric field E(x = d) 
on the “anode end” of a cathode layer (x = d, see Figure 7.7) is lesser than 
near the cathode E(x = 0) = Ee. Also the ion current into a cathode layer 
from a positive column can be neglected due to relatively low ion mobility 
( 144/be « 1072). For this reason, the Engel-Steenbeck model assumes zero 
electric field at the end of a cathode layer E(x = d) =0 and considers the 
anode layer as an independent system of length d (defined by Equation 7.1.10), 
where the condition in Equation 7.1.12 of the self-sustained discharge should 
be valid. In this case, the cathode potential drop is 


d 
Ve = [z (x) dx. (7.2.1) 
0 


The Engel-Steenbeck model solves the system of Equations 7.1.9, 7.1.12, 
and 7.2.1, taking the dependence of Townsend coefficient on the electric field 
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a(E) in the form Equation 4.4.5, and assuming a linear decrease of electric 
field along the cathode layer (see Figure 7.4) 


E(x) = E1 — x/d) if0<x<d 


(7.2.2) 
E=0 ifx>d 


Here Ee is electric field at the cathode. Equation 7.1.12 with the electric field 
(Equation 7.2.2) and exponential relation a(E) cannot be found analytically. 
Simplified solutions (but with a quite sufficient accuracy) can be found assum- 
ing the electric field as constant over the cathode layer E(x) = Ee = const in 
Equation 7.1.12. This equation can be then simplified to Equation 7.1.6 with 
the inter-electrode distance dg replaced by the length dof the cathode layer; the 
Townsend coefficient a(E) can be expressed by Equation 4.4.5; Equation 7.1.2 
can be simplified to the product V. = Ecd. In this case, the Engel-Steenbeck 
model leads to the relations between the electric field E<, the cathode poten- 
tial drop Ve, and the length of cathode layer pd, which are similar to those 
describing the breakdown of a gap Equation 4.4.6: 


_ Bpd) Ee B 
C Cind p  C+In@pd) 


(7.2.3) 


Here, C = ln A — In[(1/y) + 1)]. A and B are the pre-exponential and expo- 
nential parameters of the function a (E) (see Equation 4.4.5 and Table 4.3). Here 
the cathode potential drop V¢, electric field E<, and the similarity parameter 
pd depend on the discharge current density j (which is close to the ion cur- 
rent density because j+ >> je near the cathode, see Figure 7.4). To determine 
this dependence according to the Engel-Steenbeck model, first determine the 
positive ion density n+ >> ne. The positive ion density can be found accord- 
ing to the Maxwell relation (Equation 7.1.9), taking into account the linear 
decrease of electric field E(x) along the cathode layer from E(x = 0) = Ee to 
E(x = d) = Q: 
dE(x) 

dx 


2 eoEc 
ed ` 


£0 
Ny X 
e 


(7.2.4) 


The total current density in the vicinity of the cathode is close to the current 
density of positive ions: 


eo4Ez X eou V2 
d ds 


j = eny uE ~ (7.2.5) 


7.2.2 Current-Voltage Characteristic of the Cathode Layer 


The cathode potential drop Ve as a function of the similarity parameter pd 
corresponds in frameworks of the Engel-Steenbeck approach to the Paschen 
curve (Figure 4.19) for the breakdown. This function Ve(pd) has a minimum 
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Vn, corresponding to the minimum breakdown voltage (see Equation 4.4.7). 
Taking into account Equation 7.2.5, the cathode potential drop Ve as a function 
of current density j also has the same minimum point Vp. It is conve- 
nient to express the relations between VÀ, Ee, pd, and j using the following 
dimensionless parameters: 


jor. (7.2.6) 


Here electric field E,/p and cathode layer length (pd), correspond to the 
minimum point of the cathode voltage drop Vn. The subscript “n” stands 
here to denote the “normal” regime of a glow discharge. These three “nor- 
mal” parameters, En/p, (pd)n as well as V, can be found using Equation 4.4.7 
originally derived in Section 4.4.2 for the electric breakdown as parameters 
of the Paschen curve. The corresponding values of the normal current den- 
sity can be expressed based on Equation 7.2.5 using the following numeric 
formula constructed with the similarity parameters: 


jn, A/cm? _ 1 (W+P), em? Torr/Vs x (Vn, V)? (7.2.7) 
(p, Torr)? 9 x 101 Ax[(pd)n,cm Torr]? ` 8 


Relations between Ve, Ee, j, and the cathode layer length pd can be 
expressed as 


1 


d p 1 
E = a e aE CT 
d(1 + Ind)2 


Vs i —_ = oF 
14+Ind 1+I1nd 


j= (7.2.8) 


The dimensionless voltage V, electric field E, and the cathode layer length d 
are presented in Figure 7.8 as a function of the dimensionless current density. 
This is the cathode layer current-voltage characteristic. 


7.2.3 Normal Glow Discharge: Normal Cathode Potential Drop, Normal 
Layer Thickness and Normal Current Density 


According to the current-voltage characteristic (Equation 7.2.8), any values 
current densities are possible in a glow discharge. In reality, this discharge 
“prefers” to operate only at one value of the current density, the normal one 
jn, which corresponds to the minimum of the cathode potential drop and can 
be calculated using Equation 7.2.7. The total glow discharge current I is usu- 
ally controlled by the external resistance and the load line (Equation 7.1.1). 
The current conducting discharge channel occupies on the cathode surface a 
spot with area A = I/jn, which provides the required normal current density. 
This is called the cathode spot. Other current densities are unstable when the 
cathode surface area sufficiently large. If because of some perturbation j > jn 
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FIGURE 7.8 
Dimensionless parameters of a cathode layer. 


the cathode spot grows until current density becomes normal and ifj < jn, the 
cathode spot decreases to reach the same normal current density. The normal 
current density can be reached if the cathode surface area is sufficiently large, 
which means A > I/jn. This permits accommodating on the cathode the nec- 
essary current spot. The glow discharge with normal current density on its 
cathode is usually referred to as the normal glow discharge. The normal glow 
discharges have fixed current density jn, and fixed cathode layer thickness 
(pd)n and voltage Vn, which only depend on gas composition and cathode 
material at room temperature. Typical values of these normal glow dis- 
charge parameters are presented in Table 7.2. Typical normal cathode current 
density is about 100 pA /cm? at pressure about 1 Torr; typical thickness of the 
normal cathode layer at this pressure is about 0.5 cm, typical normal cathode 
potential drop is 200 V and does not depend on pressure and temperature. 


7.2.4 Mechanism Sustaining the Normal Cathode Current Density 


When the normal glow discharge total current is changing, the current density 
remains always the same (see Table 7.2). This impressive effect was investi- 
gated by numerous scientists (see e.g., von Engel, 1965; Granovsky, 1971), 
and was explained in different ways: analyzing current stability, modeling 
ionization kinetics, and applying the minimum power principle. Initially, 
von Engel and Steenbeck’s explanation of this effect was related to the insta- 
bility of cathode layer with j < jn, where the current-voltage characteristic 
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TABLE 7.2 


Normal Current Density, Normal Thickness of Cathode Layer, and Normal Cathode 
Potential Drop for Different Gases and Cathode Materials at Room Temperature 


Normal Thickness Normal Cathode 
Cathode Normal Current Density, of Cathode Layer, Potential Drop, 


Gas Material jn/p2(wA/em? Torr?) (pd)n (cm Torr) Vn (V) 
Air Al 330 0.25 229 
Air Cu 240 0.23 370 
Air Fe — 0.52 269 
Air Au 570 — 285 
Ar Fe 160 0.33 165 
Ar Mg 20 — 119 
Ar Pt 150 — 131 
Ar Al — 0.29 100 
He Fe 2.2 1.30 150 
He Mg 3 1.45 125 
He Pt 5 — 165 
He Al v 1.32 140 
Ne Fe 6 0.72 150 
Ne Mg 5 — 94 
Ne Pt 18 — 152 
Ne Al — 0.64 120 
Ho Al 90 0.72 170 
H2 Cu 64 0.80 214 
H Fe 72 0.90 250 
Hp Pt 90 1.00 276 
Ho C — 0.90 240 
Ho Ni — 0.90 211 
Ho Pb — 0.84 223 
Hy Zn = 0.80 184 
Hg Al 4 0.33 245 
Hg Cu 15 0.60 447 
Hg Fe 8 0.34 298 
N? Pt 380 = 216 
N? Fe 400 0.42 215 
N2 Mg — 0.35 188 
No Al — 0.31 180 
Oo Pt 550 — 364 
O2 Al — 0.24 311 
O2 Fe — 0.31 290 


O2 Mg — 0.25 310 
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is “falling” (see Figure 7.8). The falling current-voltage characteristics are 
generally unstable in nonthermal discharges. For example, if a fluctuation 
results in a local increase of current density in some area of a cathode spot, 
the necessary voltage to sustain ionization in this area decreases. The actual 
voltage in this area then exceeds the required one, which leads to further 
increase of current until it becomes normal j = jn. If a fluctuation results in 
local decrease of current density, the discharge extinguishes for the same rea- 
son in this local area of a cathode spot. Such a mechanism is able to explain 
only the instability at j < jn and the growth of current density to reach the 
normal one. A more detailed model, able to describe establishing the normal 
cathode current density j = jn starting from both lower (j < jn) and higher 
(j > jn) current densities, was developed by Vedenov (1982) and Raizer and 
Surzhikov (1987, 1988). This model describes the phenomenon in terms of the 
charge reproduction coefficient 


d(r) 
u = yf{exp | afE()] dl — 1}. (7.2.9) 
0 


Integration is along an electric current line “1,” which crosses the cathode 
in some point “r.” The charge reproduction coefficient (Equation 7.2.9) shows 
multiplication of charge particles during single cathode layer ionization cycle. 
This cycle includes multiplication of the primary electron formed on a cath- 
ode in an avalanche moving along a current line across the cathode layer, the 
return of positive ions formed in the layer back to cathode to produce new 
electrons due to secondary electron emission with the coefficient y. Sustain- 
ing the steady-state cathode layer Equation 7.1.12 requires u = 1. Excessive 
ionization then corresponds to u > 1,and u < 1 means extinguishing the dis- 
charge. The curve u = 1 on the “voltage-cathode layer thickness” diagram 
represents the cathode layer potential drop Ve, with the near-minimum point 
(pd)n corresponding to the normal voltage Vn. (See Figure 7.9, in which the 
current density axis is also shown.) All the area on the V-pd diagram above 
the cathode potential drop curve corresponds to > 1; the area under this 
curve indicates u < 1. If the current density is less than normal j < jn(d > dn, 
for example, point “1” in Figure 7.9), fluctuations can destroy the cathode 
layer by the instability mechanism described earlier. At the edges, however, 
the cathode layer decays in this case even without any fluctuations. Positive 
space charge is much less at the edges and the same potential corresponds 
to points located further from cathode, which can be illustrated in Figure 7.9 
as moving to the right from point “1” in the area where p < 1. As a result 
the current disappears from the edges and the discharge voltage increases in 
accordance with the load line (Equation 7.1.1). The increase of voltage over 
the line u = 1 ina central part of the cathode layer leads to growth of current 
density until it reaches the normal value jy. Similarly the cathode layer with 
supernormal current density j > jn can be considered which corresponds to 
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FIGURE 7.9 
Explanation of the normal current density effect. 


point “2” in Figure 7.9. In this case, the central part of the channel is stable 
with respect to fluctuations (see the Engel-Steenbeck stability analysis for 
j < jn). At the edges of the channel, space charge is smaller and effective pd is 
greater for the fixed voltage (see Figure 7.9), which brings us to the area of the 
V-pd diagram with the charge reproduction coefficient u > 1. The condition 
u > 1 leads to breakdown at the edges of the cathode spot, to an increase of 
total current, to a decrease of total voltage across the electrodes (in accordance 
with the load line (Equation 7.1.1), and finally to a decrease of current density 
in the major part of a cathode layer until it reaches the normal value jn. Any 
deviations of current density from j = jn stimulate ionization p at the edges 
of cathode spot, which bring current density to the normal value. 


7.2.5 The Steenbeck Minimum Power Principle, Application to the Effect 
of Normal Cathode Current Density 


The effect of normal current density can be illustrated using the minimum 
power principle. The total power released in the cathode layer can be found as 


d 
Pe(j) =A |jEdx = AjVc(j) = 1V-()). (7.2.10) 
0 
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In this relation A is area of a cathode spot, I is the total current. The total 
current in glow discharge is mostly determined by external resistance (see 
the load line equation 7.1.1) and can be considered as fixed. In this case, the 
cathode spot area can be varied together with the current density keeping 
fixed their product j x A = const. According to the minimum power princi- 
ple, the current density in glow discharge should minimize the power Pe(j). 
As seen from Equation 7.2.10, the minimization of the power P(j) at con- 
stant current I = const requires minimization of V.(j), which according to 
the definition corresponds to the normal current density j = jn. The minimum 
power principle was proposed by Steenbeck and is useful for illustrating the 
discharge phenomena, including striation, thermal arcs, and the normal cur- 
rent in glow discharge. The minimum power principle cannot be derived 
from fundamental laws of physical and, hence, should be used for mostly for 
illustrations. 


7.2.6 Glow Discharge Regimes Different from Normal Ones: Abnormal 
Discharge, Subnormal Discharge, and Obstructed Discharge 


Increase of current in a normal glow discharge is provided by growth of the 
cathode spot area atj = jn = const. As soon as the entire cathode is covered by 
the discharge, further current growth results in an increase of current density 
over the normal value. This discharge is called the abnormal glow discharge. 
The abnormal glow discharge corresponds to the right-hand-side branches 
(j > jn) of the dependences presented in Figure 7.8. The current-voltage 
characteristic of the abnormal discharge V(j) is growing. It corresponds 
to the interval EF on the general current voltage characteristic shown in 
Figure 7.5. According to Equation 7.2.6, when the current density grows fur- 
ther (j > oo), the cathode layer thickness decreases asymptotically to a finite 
value å = 1/e © 0.37, while the cathode potential drops and the electric field 
grows as 


J PE a ee = 
P= aV Ex aV (7.2.11) 


The actual growth of the current and cathode voltages are limited by cath- 
ode overheating. Significant cathode heating at voltages about 10 kV and 
current densities 10-100 A/cm? result in the transition of the abnormal glow 
discharge into an arc discharge. Normal glow discharge transition to a dark 
discharge takes place at low currents (about 1075A) and starts with the so- 
called subnormal discharge. The subnormal discharge corresponds to the 
interval CD on the general current-voltage characteristic shown in Figure 7.5. 
The size of the cathode spot at low currents becomes large and comparable 
with the total cathode layer thickness. This results in electron losses with 
respect to normal glow discharge and hence requires higher voltage to sustain 
the discharge (Figure 7.5). Another glow discharge regime, different from the 


Glow Discharge 469 


normal one, takes place at low pressures and narrow gaps between electrodes, 
when their product pdọ is less than the normal value (pd), for a cathode layer. 
This discharge mode is called the obstructed glow discharge. Conditions in 
the obstructed discharge correspond to the left-hand branch of the Paschen 
curve (Figure 4.19), where the voltage exceeds the minimum value Vn. Since 
short inter-electrode distance in the obstructed discharge is not sufficient for 
effective multiplication of electrons to sustain the mode, the inter-electrode 
voltage should be greater than the normal one. 


7.2.7 Negative Glow Region of Cathode Layer, the Hollow Cathode 
Discharge 


The negative glow and the Faraday dark space complete the cathode layer and 
provide transition to positive column. As was mentioned in Section 7.1.3, the 
negative glow region is a zone of intensive ionization and radiation (see Figure 
7.4). Most electrons in the negative glow have moderate energies. However, 
quite a few electrons in this area are very energetic even though the electric 
field is relatively low. These energetic electrons are formed in the vicinity of 
the cathode and cross the cathode layer with only a few inelastic collisions. 
They provide a nonlocal ionization effect and lead to electron densities in a 
negative glow even exceeding those in a positive column (Figure 7.4). Details 
on the nonlocal ionization effect, formation and propagation of energetic elec- 
trons across the cathode into the negative glow and the Faraday dark space 
can be in particular found in publications of Gill and Webb (1977), Boeuf 
and Marode (1982), and Bronin and Kolobov (1983). The effect of intensive 
“nonlocal” ionization in a negative glow can be applied to form an effective 
electron source, the so-called hollow cathode discharge. Imagine a glow dis- 
charge with a cathode arranged as two parallel plates with the anode on the 
side. If the distance between the cathodes gradually decreases, at some point, 
the current grows 100-1000 times without a change of voltage. This effect 
takes place when two negative glow regions overlap, accumulating energetic 
electrons from both cathodes. Strong photoemission from cathodes in this 
geometry also contributes to intensification of ionization in the hollow cath- 
ode, see Moskalev (1969). Effective accumulation of the high negative glow 
current can be reached if the cathode is arranged as a hollow cylinder, and 
an anode lies further along the axis. The pressure is chosen in such a way as 
to have the cathode layer thickness comparable with the internal diameter 
of the hollow cylinder. The most traditional configuration of the system is 
the Lidsky hollow cathode, which is shown in Figure 7.10. The Lidsky hol- 
low cathode is a narrow capillary-like nozzle, which operates with axially 
flowing gas. The hollow cathode is usually operated with the anode located 
about 1 cm downstream of the capillary nozzle. It can provide high electron 
currents with densities exceeding those corresponding to Child’s law (see 
Section 6.1.5, Equation 6.1.14). The Lidsky hollow cathode is hard to initiate 
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Schematic of the Lidsky capillary hollow cathode. 


and maintain in a steady state. For this reason, different modifications of the 
hollow cathode with external heating were developed to raise the cathode to 
incandescence and provide long-time steady operation (Poeschel et al., 1979; 
Forrester, 1988). 


7.2.8 Anode Layer 


Because positive ions are not emitted (but repelled) by the anode, their con- 
centration at the surface of this electrode is equal to zero. Thus, a negatively 
charged zone called the anode layer exists between the anode and the positive 
column (Figure 7.4). The ionic current density in the anode layer grows from 
zero at the anode to its value j+c = (M+/Me)j in positive column (here j is the 
total current density; 4, and pe are the mobilities of ions and electrons). In 
terms of the Townsend coefficient a 

oe =Aje aj, fe ~j fads, (7.2.12) 


From Equation 7.2.12, it is sufficient for one electron to provide only a very 
small number of ionization act to establish the necessary ionic current 


fo dx = = <1. (7.2.13) 


e 


The number of generations of electrons produced in the anode layer (Equa- 
tion 7.1.13) is about three orders of magnitude smaller than the corresponding 
number of generations of electrons produced in the cathode layer. For this 
reason, the potential drop across the anode layer is less than the potential 
drop across the cathode layer (see Figure 7.4). Numerically, the value of the 
anode potential drop is approximately the value of the ionization potential of 
the gas in the discharge system. However, the anode voltage grows slightly 
with pressure in the range of moderate pressures around 100 Torr (the depen- 
dence is a little bit stronger in electronegative gases, see Figure 7.11). Typical 
values of the reduced electric field E/p in the anode layer are about E/p ~ 200- 
600 V/cm Torr. The thickness of the anode layer is of the order of the electron 
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FIGURE 7.11 
Anode fall for discharges in nitrogen and air as a function of pressure. 


mean free path and can be estimated in simple numerical calculations as 
da (cm) ~ 0.05 cm/p(Torr) (7.2.14) 


The current density j /p? at the anode is independent of the value of current 
in the same manner as for the normal cathode layer. Numerical values of the 
current density in anode layer are about 100 A/cm? at gas pressures about 
1 Torr and actually coincide with those of the cathode layer (see Table 7.2). 
Actually, the normal cathode layer imposes the value of current density j on 
the entire discharge column including the anode. Glow discharge modeling 
including both cathode and anode layers (Raizer and Surzhikov, 1987, 1988) 
shows that even the radial distribution of the current density j(r) originating 
at the cathode can be repeated at the anode. Although many similarities take 
place between the current density in the cathode and anode layers, theoreti- 
cally these phenomena are quite different (Akishev and Napartovich, 1980). 
For example, in contrast to the cathode, the anode quite often is covered by 
the electric current not continuously, but in a group of spots not directly con- 
nected with each other. Also in general, the processes taking place in the anode 
layer can play a significant role in developing instabilities in glow discharges, 
see Brown (1959, 1966), Howatson (1976), and Raizer (1991). 


E 
7.3 Positive Column of Glow Discharge 
7.3.1 General Features of the Positive Column, Balance of Charged Particles 


The positive column of a normal glow discharge is the most conventional 
source of nonequilibrium, nonthermal plasma. Plasma behavior and param- 
eters in the long positive column are independent of the phenomena in the 
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cathode and anode layers. The state of plasma in the positive column is deter- 
mined by local processes of charged particles formation and losses, and by 
the electric current, which is actually controlled by external resistance and 
EMF (see the load line equation 7.1.1). Loss of charged particles in the posi- 
tive column due to volume and surface recombination should be balanced in 
a steady-state regime by ionization. The ionization rate sharply depends on 
electron temperature and reduced electric field. Therefore, the electric field 
in the positive column is more or less fixed, which determines the longitudi- 
nal potential gradient and the voltage difference across a column of a given 
length. Generation of electrons and ions in a positive column is always due to 
volumetric ionization processes; so classification of the steady-state regimes 
is determined by the dominant mechanisms of losses of charged particles, see 
Section 4.5. 


7.3.2 General Current-Voltage Characteristics of a Positive Column 
and of a Glow Discharge 


If the balance of charged particles is controlled by their diffusion to the wall 
(Section 4.5.4), then the electric field E in the positive column is determined 
by the Engel-Steenbeck relation (Equation 4.5.15) and does not depend on the 
electron density and electric current. In this case, this is due to the fact that 
both the ionization rate and the rate of diffusion losses are proportional to ne; 
thus the electron density can be just cancelled from the balance of electron 
generation and losses. In this case, the current-voltage characteristic of pos- 
itive column and of a normal glow discharge is almost a horizontal straight 
line (see Figure 7.5): 


VW) = Vn + Ede © const. (7.3.1) 


Here, dc is the length of positive column; Vn is the normal potential drop in 
the cathode layer; E is the electric field in the column (Equation 4.5.15), which 
only depends on type of gas, pressure and radius of discharge tube. When 
the current and hence electron density grows, the contribution of volumet- 
ric electron-ion recombination becomes significant, see Section 4.5.2. In this 
case, the electron density ne(E/p) follows formula (Equation 4.5.12), and the 
relation between the current density and reduced electric field E/p is 


»__Ki€E/p) no 
p (kË + skid +s) 


j= (hep) (7.3.2) 


Here uep is the electron mobility presented as a similarity parameter 
(see Table 4.1); kj(E/p) is the ionization coefficient; np is the gas density; 
kei and kË are coefficients of electron-ion and ion-ion recombination; ka, ka 
are coefficients of electron attachment and detachment; ¢ = ka/kg is the fac- 
tor characterizing the balance between electron attachment and detachment. 
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Taking into account the sharp exponential behavior of the function ki (p), one 
can conclude from Equation 7.3.2 that electric field E grows very slowly with 
current density in the recombination regime. Thus the current-voltage char- 
acteristics of positive column and of a whole normal glow discharge is almost 
a horizontal straight line in this case as well as in the diffusion controlled dis- 
charge mode (see Equation 7.3.1 and Figure 7.5). Examples of the experimental 
dependences of reduced electric field E/p on the similarity parameter pR (p is 
the pressure, R is the radius of a discharge tube) are presented in Figures 7.12 
and 7.13. Some E/p decrease with the current is due to increases in the gas 
temperature (ionization actually depends on E/no; increase of temperature 
leads to reduction of ng and growth of E/ng at constant pressure and electric 
field). Comparing Figures 7.12 and 7.13, it is seen that the reduced electric 
fields E/p are about 10 times less in inert gases relative to molecular gases. 
This is related to the effects of inelastic collisions (mainly vibrational excita- 
tion), which significantly reduces the electron energy distribution function 
at the same values of reduced electric field (see Equations 4.2.35 and 4.2.36). 
The electric fields necessary to sustain the glow discharge are essentially less 
than those necessary for breakdown (see Section 4.4.2). In particular, this is 
due to the fact that the electron losses to the walls during breakdown are pro- 
vided by free diffusion, while the corresponding discharge is controlled by 
much slower ambipolar diffusion. If electron detachment from negative ions 
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FIGURE 7.12 
Measured values of E/p for positive column in inert gases. 
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FIGURE 7.13 
Measured values of E/p for positive column in molecular gases. 


is negligible, the discharge regime can be controlled by electron attachment. 
This discharge mode was considered in Section 4.5.3. Both ionization rate and 
electron attachment rate are proportional to ne, therefore, in this case, the elec- 
tron density actually can be cancelled from the balance of electron generation 
and losses (similar to the discharge regime controlled by diffusion). Obviously 
the current-voltage characteristic in the attachment regime is again an almost 
horizontal straight line V(I) = const (see Figure 7.5). Electron detachment 
and destruction of negative ions can be effective in steady-state discharges. 
For example, the reduced electric field in an air discharge controlled by 
electron attachment to oxygen should be equal to E/p = 35 V/cm Torr accord- 
ing to Equation 4.5.14. However, the experimentally measured E/p values 
presented in Equation 7.2.6 are lower by 12-30 V/cm Torr. This shows that 
the steady-state discharge is able to accumulate significant amount of particles 
efficient for the destruction of negative ions. 


7.3.3 Heat Balance and Plasma Parameters of Positive Column 


The power, which electrons receive from electric field and then transfer 
through collisions to atoms and molecules, can be found as Joule heating 
(Section 4.3.2, Equation 4.3.10): jE = oE*. If the electron energy consumption 
in chemical processes is neglected (Section 5.6.7), the entire Joule heat- 
ing should be balanced by conductive and convective energy transfer. At 
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steady-state conditions this is expressed as 
w= jE = nocp(T = To)vt, (7.3.3) 


where w is the discharge power per unit volume; cy is the specific heat per 
one molecule; T is the gas temperature in the discharge; Tp is the room 
temperature; vr is the heat removal frequency. Note that the heat removal 
frequency from the cylindrical discharge tube of radius R and length do can 
be determined as 


8 A 2u 


= a7 +z 7.3.4 
T R2 NoCp do ( ) 


where } is the coefficient of thermal conductivity, and u is the gas flow veloc- 
ity. The first term in Equation 7.3.4 is related to heat removal due to thermal 
conductivity, the second term describes the convective heat removal. Con- 
sider the plasma parameters of a positive column as per Equations 7.3.3 and 
7.3.4. If the heat removal is controlled by thermal conduction, combination of 
Equations 7.3.3 and 7.3.4 gives the typical discharge power per unit volume, 
which doubles the gas temperature in the discharge (T — To = To) 


8A To 


(7.3.5) 


The coefficient of thermal conductivity à does not depend on pressure and 
can be estimated as ù ~ 3 x 1074 E/cm K. Hence according to Equation 7.3.5 
it cab be concluded that specific discharge power also does not depend on 
pressure and for tubes with radius R = 1 cm it can be estimated as 0.7 W/cm’. 
Higher values of specific power result in higher gas temperatures and hence, 
in contraction of the glow discharge. The current density in the positive col- 
umn with the heat removal controlled by conduction is inversely proportional 
to pressure and can be estimated according to Equation 7.3.5 as 


BRIG 1 1 
EEN 7.3.6 
R? (E/p p KaR 


Assuming the reduced electric field as E/p = 3-10 V/cm Torr, Equa- 
tion 7.3.6 gives numerically: į, mA/cm? ~ 100/p, Torr. Electron concentration 
in the positive column can be calculated from Equation 7.3.6, taking into 
account Ohm’s law j = oE and Equation 4.3.8 for the electric conductivity 
o. In this case, the electron concentration is easily shown to be inversely 
proportional to gas pressure: 


W MVen w Men 1 
= = ; 7.3.7 
Per pI g2 (E/p)? e?To p U3) 
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Here ven and ken are the frequency and rate coefficient of electron—neutral 
collisions. Numerically for the above-assumed values of parameters, the elec- 
tron concentration in a positive column with conductive heat removal can 
be estimated as ne, cm~? = 3 x 10 /p, Torr. Both the electron concentration 
and current densities fall linearly with pressure growth. The reduction of the 
plasma degree of ionization with pressure is even more significant: ne/no « 
1/p. Hence, low pressures are in general more favorable for sustaining the 
steady-state homogeneous nonthermal plasma. 


7.3.4 Glow Discharge in Fast Gas Flows 


The convective heat removal (second term in Equation 7.3.4) promotes pres- 
sure and power increases in nonthermal discharges. Gas velocities in such 
systems are 50-100 m/s. According to Equations 7.3.3 and 7.3.4 the current 
and electron densities corresponding to doubling of the gas temperature do 
not depend on gas pressure: 


2UCp 2ucpMken 


I= DEM Oa annt 


(7.3.8) 


Assuming do = 10cm, u = 50 m/s, E/p = 10 V/cm Torr, the typical val- 
ues of current density and electron concentration in the positive column 
under consideration are j ~ 40mA/cm?, ne = 1.5 x 10" cm~’. The specific 
discharge power in the positive column with convective heat removal grows 
proportionally to pressure 


; 2u p 
= jE = cpTo— —. 7.3. 
w=] Cp Naa To (7.3.9) 


For such parameters, the specific power can be calculated as w, W/cm? = 
0.4p, Torr. High gas flow velocity also results in voltage and reduced elec- 
tric field growth (to values of about E/p = 10-20 V/cm Torr) to intensify 
ionization and compensate charge losses. Significant increases of charge losses 
in the fast gas flows can be related to turbulence, which accelerates the effec- 
tive charged particle diffusion to the discharge tube walls. The acceleration of 
charged particle losses can be estimated by replacing the ambipolar diffusion 
coefficient Da by an effective one including a special turbulent term: 


Deft = Da + 0.09Ru, (7.3.10) 


where u is the gas flow velocity, and R is the discharge tube radius (or half- 
distance between walls in plane geometry). The elevated values of reduced 
electric field and electron temperature can be useful to improve the efficiency 
of several plasma-chemical processes, to improve discharge stability, and 
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to provide higher limits of the stable energy input. To elevate the electric 
field, small-scale turbulence is often deliberately introduced, especially in 
high power gas-discharge lasers. The increase of voltage and reduced electric 
field in fast flow discharges can be directly provided by convective charged 
particle losses, especially if the discharge length along the gas flow is small 
(Pashkin and Peretyatko, 1978). Also, the effect of E/p increasing in the fast 
flows can be explained by convective losses of active species responsible for 
electron detachment from negative ions (Velikhov et al., 1982). 


7.3.5 Heat Balance and Its Influence on Current—-Voltage Characteristics 
of the Positive Column 


The current-voltage characteristic of glow discharges controlled by diffu- 
sion is slightly decreasing: a current increase leads to some reduction of 
voltage. This effect is due to Joule heating. The increase of current leads to 
some growth of gas temperature To, which at constant pressure results in 
decrease of gas density no. The ionization rate is a function of E/n, which 
is often only “expressed” as E/p assuming room temperature. For this rea- 
son, the decrease of gas density at a fixed ionization rate leads to a decrease 
of electric field and voltage, which finally explains the decreasing current- 
voltage characteristics. Analytically, this slightly decreasing current-voltage 
characteristic can be described according to Equation 7.3.3 and the similar- 
ity condition E/ng x ETg © const, which is valid at the approximately fixed 
ionization rate. In this case, the relation between current density and electric 
field can be expressed as 


3/2 
£-(2) (F 1). (7.3.11) 


Here Ep is the electric field, which is necessary to sustain low discharge 
current j — 0, when gas heating is negligible; jo is the typical value of current 
density, which corresponds to Equation 7.3.6 and can be also expressed as (wo 
is a typical value of specific power, see Equation 7.3.5) 


VT Wo 


==. 7.3.12 
iE (7.3.12) 


Jo = nocpTo 


Note that this slightly decreasing current-voltage characteristic can be 
crossed by the load line (Equation 7.1.1) not at one point, but at two. This 
situation is illustrated in Figure 7.14. In this case only one state, namely the 
lower one, is stable; the upper one is unstable. If current grows slightly in 
some perturbation ôI with respect to the upper crossing point (Figure 7.14), 
the plasma voltage, corresponding to the load line, exceeds the voltage that 
is necessary to sustain the steady-state discharge. As a result of the overvolt- 
age, the degree of ionization and total current will grow further until the 
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FIGURE 7.14 
Illustration of the decreasing current-voltage characteristic. 


second (lower) crossing point is reached. If the current fluctuation from the 
upper crossing point is negative ôI < 0, the plasma voltage becomes less than 
required to sustain steady-state ionization, and the discharge extinguishes. 
Similar reasoning proves the stability of the lower crossing point (Figure 
7.14). Current fluctuation ôI < 0 results in plasma overvoltage, acceleration 
of ionization, and restoration of the steady-state conditions. 


7.4 Glow Discharge Instabilities 
7.4.1 Contraction of the Positive Column 


Contraction is a nonthermal plasma instability related to instantaneous 
self-compression of a discharge column into one or several bright current fil- 
aments. This instability occurs when the pressure and the current is increased 
while maintaining the limits on the specific energy input and specific power of 
a nonthermal discharge. The positive column contraction can be illustrated 
by the example of a glow discharge in neon at pressures 75-100 Torr sus- 
tained in a 2.8 cm radius tube with walls at room temperature (Golubovsky 
et al., 1977). The current-voltage characteristic of this discharge shown in 
Figure 7.15 demonstrates the contraction that takes place when the current 
exceeds a critical value of about 100 mA. The current-voltage characteris- 
tic decreases at near critical current values, which demonstrates the strong 
effect of Joule heating. The transition between the diffusive and contracted 
modes demonstrates hysteresis. At the critical current, the electric field in the 
positive column abruptly decreases with a related sharp transition of the dis- 
charge regime from the initial strongly nonequilibrium diffusive mode into 
the contracted mode. A brightly luminous filament appears along the axis of 
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FIGURE 7.15 

V —i characteristics of discharge in a tube containing neon in the region of transition from 
diffuse to contracted form. Tube radius R = 2.8 cm, (1) pR = 210 Torr cm, (2) pR = 316 Torr cm, 
(3) pR = 560 Torr cm. The solid curve in the region of jump was recovered as the current was 
decreased, and dashed curve as the current was increased. 


the discharge tube while the rest of the discharge becomes almost dark. The 
average current density at the transition point is 5.3 mA /cm?, the correspond- 
ing current density on the axis of the discharge tube is 12 mA/cm? with an 
electron density on the axis approximately 10''cm~°. The radial distributions 
of the relative electron density before and after contraction in the same glow 
discharge system at a fixed pressure p = 113 Torr are shown in Figure 7.16. 
Corresponding changes of discharge parameters (electron and gas tempera- 
tures, electron concentration) during the contraction transition on the axis of 
the discharge tube are presented in Table 7.3. From Figure 7.16, the diameter 
of a filament formed as a result of contraction is almost two orders of mag- 
nitude smaller than the diameter of a tube initially completely filled with the 
diffusive glow discharge. The electron concentration increases about 50 times. 
The gas temperature increases due to localized heat release, and the electron 
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FIGURE 7.16 

Profiles of ne measured under conditions of Figure 7.5. (1) i/R= 4.8 mA/cm, (2) 15.4 mA/cm, 
(3) 26.8 mA/cm, (4) 37.5 mA/cm, (5) 42.9 mA/cm, (6) 57.2 mA/cm, and (7) 71.5 mA/cm. The 
transition state occurred in the region between (4) and (5). 


temperature decreases because of reduction of the electric field (Figure 7.15). 
Thus after contraction, a glow discharge is no longer in strongly nonequilib- 
rium state (see Table 3.13). This is the reason the contraction phenomenon is 
sometimes referred to as arcing. However, this term is not completely suitable 
for contraction because the contracted glow discharge filaments are still not 
in quasi-equilibrium. 


TABLE 7.3 


Change of Electron Temperature, Gas Temperatures, and Electron 
Density during the Glow Discharge Contraction 


Before Contraction After Contraction 
Plasma Parameters (I = 96 mA) (I = 120 mA) 
Electron temperature (eV) 3.7 3.0 
Gas temperature (K) 930 1200 


Electron density (em) 1.2 x 10! 5.4 x 1012 
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7.4.2 Glow Discharge Conditions Resulting in Contraction 


Instability mechanisms leading to glow discharge contraction were consid- 
ered in Section 6.3. Specifically, the principal causes of the glow discharge 
contraction were the thermal instability (Sections 6.3.2 and 6.3.3), the stepwise 
ionization instability (Section 6.3.8b) and the Maxwellian electron instability 
(Section 6.3.8c). All these mechanisms provide nonlinear growth of ionization 
with electron density, which is the main physical cause of contraction. These 
instability mechanisms become significant at electron concentrations exceed- 
ing critical values of about 10!'cm~, and specific powers of about 1 W/cm?. 
It corresponds to the contraction of glow discharges with heat removal con- 
trolled by diffusion. Glow discharges in fast flows have similar mechanisms 
of contraction. However, the heat balance and hence the gas temperature and 
overheating of a glow discharge in fast flow is controlled by convection, which 
determines the gas residence time in the discharge zone. Transition to the 
contracted mode takes place in the fast flow glow discharges not when the spe- 
cific power (W/cm?), but rather the specific energy input (discharge energy 
released per molecule, eV/mol or J/cm) and hence, discharge overheating 
exceeds the critical value (see Section 6.3.6 and Figure 6.12). Maximizing the 
specific energy input in homogeneous, nonthermal discharges is an espe- 
cially important engineering problem for powerful gas lasers. Numerically, 
contraction of glow discharges usually takes place in the case of fast flows, 
when the specific energy input corresponds to a gas temperature growth of 
about 100-300 K (Generalov et al., 1980; Velikhov et al., 1987). 


7.4.3 Comparison of Transverse and Longitudinal Instabilities, 
Observation of Striations in Glow Discharges 


The contraction of the glow discharge is due to transverse instability; plasma 
parameters are changed across the electric field. Assuming the tangential 
component of the electric field is always continuous, a sharp decrease of the 
electric field in the central filament occurs as a consequence of contraction 
and results in an overall voltage decrease (kind of a short circuit) and loss of 
nonequilibrium in the discharge as a whole (see Figure 7.17). That is why the 
transverse instability contraction is so harmful for strongly nonequilibrium 
glow discharges. Striations are related to longitudinal perturbations of plasma 
parameters, changes of plasma parameters occur along a positive column. In 
this case, the electric current (and the current density in 1D approximation) 
remains fixed during a local perturbation of electron density ône and temper- 
ature ôTe. Local growth of electron density ne (and electric conductivity o) 
induces a local decrease of electric field E and vice versa; while the current 
density remains the same 


è E 
j = oE X nE = const, Trsa 


= 7.4.1 
a F (7.4.1) 
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FIGURE 7.17 
Electron density perturbation in transverse instabilities. 


The mechanism of the electric field reduction in perturbations with elevated 
electron density and vice versa is illustrated in Figure 7.18. Shift of electron 
density with respect to ion density is due to the electron drift in the electric 
field. As is seen, the direction of polarization of the field 8E is opposite to 
the direction of the external electric field E if the fluctuation of electron con- 
centration is positive. For some reason, if the electron density is reduced, the 
polarization field is added to the external one. Such instability is unable to 
destroy the nonequilibrium discharge as a whole. Striations can move fast (up 
to 100 m/s from anode to cathode at pressures 0.1-10 Torr in inert gases), or 
remain at rest (see Figure 6.8). The stationary striations are usually formed if 
some strong fixed perturbation is present in or near the positive column (e.g., 
an electric probe, or even the cathode layer). The fixed striations build up 
away from the perturbation toward the anode and gradually vanish. Plasma 


FIGURE 7.18 
Illustration of a longitudinal instability. 


Glow Discharge 483 


parameters of a glow discharge with and without striations are nearly the 
same. It is important to point out that this type of instability, in contrast to 
the above-discussed contraction, does not significantly affect the nonther- 
mal discharge. Striations exist for a limited range of current, pressure, and 
radius of a discharge tube. The electric current, gas pressure, and tube radius 
also determine the amplitude of luminosity oscillations, the striations wave- 
length and their propagation velocity. The striations normally behave as linear 
waves of low amplitude, but large amplitude nonlinear striations are possible. 
Additional details about the observation of this phenomenon can be found in 
Francis (1956), Pekarek (1968), and Garscadden (1978). 


7.4.4 Analysis of Longitudinal Perturbations Resulting 
in Formation of Striations 


From a physical point of view, the striations can be considered as ioniza- 
tion oscillations and waves. The striations can be initiated by the stepwise 
ionization instability. In this case, an increase of electron density leads to a 
growth in the concentration of excited species, which accelerates stepwise 
ionization and results in a further increase of the electron density. When 
the electron concentration becomes too large, super-elastic collisions deac- 
tivate the excited species. Further nonlinear growth of the ionization rate is 
usually due to the Maxwellian instability (see Section 6.3.8c). Both of these 
ionization instability mechanisms, involved in striations, stepwise ionization, 
and Maxwellization, are not directly related to gas overheating. Remem- 
ber that overheating requires relatively high values of specific power and 
specific energy input. As a result, striations can be observed at less intense 
plasma parameters (electron concentration, electric current, specific power) 
than those related to the thermal (ionization overheating) instability, which 
finally is responsible for contraction. Change of the electric field is a strong 
stabilizing factor for striations, which is an important peculiarity of this kind 
of instability. Auto-acceleration of ionization and nonlinear growth of elec- 
tron density in striations induces reduction of the electric field in accordance 
with Equation 7.4.1. The reduction of the electric field leads to a reduction 
of the effective electron temperature after a short delay tf = 1/(ven$) related 
to establishing the corresponding electron energy distribution function (here 
Ven is the frequency of electron—neutral collisions, è is the average fraction of 
electron energy transferred to a neutral particle during the collision (see Equa- 
tion 4.2.39). The reduction of electron temperature results in an exponential 
decrease of ionization and in stabilization of the instability. This stabiliza- 
tion effect suppresses striations if the characteristic length of the longitudinal 
perturbations 21/k, is sufficiently large (or alternately, the wave numbers of 
ionization wave ks is small enough). Hence, the striations cannot be observed 
if there is sufficient time for electrons to establish the new corrected energy 
distribution function (corresponding to the new electric field) during the 
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electron drift along the perturbation 
ksh 
kgvayg © —= <1. 7.4.2 
a (7.4.2) 


Here i is the electron mean free path. In this inequality, it was taken into 
account that vatg ~ A/V, which can be derived from the definition of t, 
given above, Equation 4.3.11 for drift velocity and Equation 4.2.38 between 
the electric field and electron temperature. In the opposite case, when the 
perturbation wavelengths are short, the electron temperature and related ion- 
ization effects do not have sufficient time to follow the changing electric field 
and stabilize the striations. Thus, striations can be effectively generated at 
relatively low wavelength. However, the striations wavelengths cannot be 
very small (shorter than the discharge tube radius R) because of stabilization 
due to electron losses in longitudinal ambipolar diffusion. The most favor- 
able conditions for generation of striations can be expressed in terms of the 
striations wave numbers as (Nedospasov and Khait, 1979) 


kù 5 
=F, ksR « 1. 7.4.3 
Vs 10 sit OC ( ) 

Eliminating the perturbation wavelength ks from Equation 7.4.3, rewrite 
the conditions favorable for generation of striations as a relation between the 
electron mean free path and the discharge tube radius as 


A 5 
= —V3, 7 AA 
R T ( ) 


The factor 8 is small (Equation 4.2.39) in inert gases for which the con- 
ditions (Equation 7.4.3) were actually proposed. In this case, condition 
(Equation 7.4.4) can be satisfied at pressures about 0.1-1 Torr, which actu- 
ally corresponds to typical pressures necessary for generation of striations. In 
molecular gases, the factor 8 is much larger (Equation 4.2.39), and this is the 
reason it is so difficult to observe striations in molecular gases. 


7.4.5 Propagation Velocity and Oscillation Frequency of Striations 


Striations are usually moving in the direction from anode to cathode. Physical 
interpretation of this motion is illustrated in Figure 7.19. In the case of rela- 
tively short wavelengths typical for actual striations, the gradients of electron 
density in a perturbation ñe are quite significant, and charge separation is 
mostly due to electron diffusion. The electric field of polarization 8E, occur- 
ring as a result of this electron diffusion, actually determines the oscillation 
of the total electric field. The maximum of the electric field oscillations 8Emax 
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FIGURE 7.19 
Propagation of striations. 


corresponds to the points on the wave where the electron density is not per- 
turbed 8ne = 0. The maximum of the electric field oscillations 8Emax is shifted 
with respect to the maximum of plasma density ène oscillations by one quar- 
ter of a wavelength toward the cathode (see Figure 7.19). The ionization rate 
is fastest at the point of maximum electric field (Emax), resulting in moving 
the point of maximum plasma density ène toward the cathode. The striations 
propagate from anode to cathode as ionization waves. To determine the veloc- 
ity of the striations as velocity of the ionization wave, assume perturbations 
of electric field, electron density, and temperature change in a harmonic way: 
dE, ne, STe « exp[i(wt — ksx]. Then according to Equation 4.3.8, the relation 
between perturbations of electric field and electron density is 


Te 
I aaa (7.4.5) 
e ne 


Electrons receive a portion of energy about Te from the electric field during 
their drift over the length needed to establish the electron energy distribution 
function (Vet, © 2/ V5, where » is the electron mean free path, ô is the fraction 
of electron energy transferred during a collision). Thus taking into account 
eE(h/V8) ~ Te, Equation 7.4.5 can be rewritten as 


SE A Sne 
— 7X ike—=—. 7.4. 
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The relation between perturbations of electric field and electron temper- 
ature can be derived from a balance of Joule heating and electron thermal 
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conductivity (with coefficient de) j8E = kotha ôTe 


8Te | 1 SE 
Te (kh /V8)2 E 


(7.4.7) 


Here the Einstein relation \e/|te = Te/e, the Ohm’s law j = enepeE, and the 
relation eE(X/V8) ~ Te was taken into account. Acceleration of the ionization 
rate dne/dt in striations related to the electron temperature increase Te can 
be expressed as 


dlink; $Te 
dInTe Te’ 


0k; 
ò (=) x neno — ôTe = kineng (7.4.8) 
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where ne and ng are the concentrations of electrons and neutral species, kj is 
the ionization rate coefficient, and 3 Inkj/d In Te ~ I/Te > 1 is the logarith- 
mic sensitivity of the ionization rate coefficient to the electron temperature. 
As illustrated in Figure 7.19, the electron density grows with the amplitude 
perturbation 31. during a quarter of a period (about 1/ksVpn, where Upp is 
the phase velocity of ionization wave, ks is the wave number). This means 
that ò (3ne/3t) 1 /ksOph X $Me. Combining this relation with Equation 7.4.8, a 
formula for the phase velocity of the ionization wave is derived as 


af keno ə ln kei (Bie) 
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Using Equations 7.4.6 and 7.4.7 for the relative perturbations of electron 
temperature and concentration, rewrite Equation 7.4.9 into the final expres- 
sion for the phase velocity of the ionization wave, for example, the phase 
velocity of striations 


pes Ws = 1 i dlink; 
a ks = k2n/V8 ! 03n Te 


(7.4.10) 


Obviously this is a simple derivation of the striations phase velocity. 
Detailed derivation (Nedospasov and Ponomarenko, 1965; Tsendin, 1970) 
results in an expression similar to Equation 7.4.10; see also Roth (1967, 1969). 
Thus, the striations velocity is proportional to the square of the wavelength; 
numerically their typical value is about 100 m/s. The frequency of oscillations 
of electron density, temperature and other plasma parameters in the striations 
can then be found from the expression 


1 dlnk, 
w = in . 
ksh/V8 ' °aInTe 


(7.4.11) 


The oscillation frequency in striations is proportional to wavelength 
(2x/ks), and is about the ionization frequency 104/10° s~!. According to the 
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dispersion equation, the absolute value of group velocity of striations (Vgr) is 
equal to that of the phase velocity. Directions of these two velocities are oppo- 
site: Uph = o/k = —dw/dk = —vg;. For this reason, some special discharge 
marks (e.g., bright, pulsed perturbations) move to the anode, in direction 
opposite to striations themselves. 


7.4.6 The Steenbeck Minimum Power Principle, Application to Striations 


The effect of striations was explained according to physical kinetics and the 
discharge electrodynamics. In a manner similar to the case of the normal 
cathode current density (see Section 7.2.5), striations can be illustrated using 
the Steenbeck minimum power principle. If the discharge current is fixed, 
the voltage drop related to a wavelength of striations is less than the corre- 
sponding voltage of a uniform discharge. This can be explained by the strong 
exponential dependence of the ionization rate on the electric field value. 
Because of this strong exponential dependence, an oscillating electric field 
provides a more intense ionization rate than an electric field fixed at the aver- 
age value. Hence, to provide the same ionization level in the discharge with 
striations requires less voltage, and consequently lower power at the same 
current. The Steenbeck minimum power principle is only an illustration of 
the phenomenon, which is actually determined and controlled by the earlier 
discussed ionization instabilities of nonthermal plasma. 


7.4.7 Some Approaches to Stabilization of the Glow Discharge Instabilities 


Suppression of the nonthermal discharge instabilities is the most important 
problem in these discharge systems at elevated currents, powers, pressures, 
and volumes. The most energy intense regimes of the glow discharge can 
be achieved in fast gas flows. Several approaches were developed to sup- 
press contraction. The most applied approach is segmentation of the cathode. 
If a high conductivity plasma filament (contraction) occurs between two 
points on two large electrodes, current grows and the discharge voltage 
immediately drops. This can be somewhat suppressed by segmentation of an 
electrode, usually the cathode. Voltage is applied to each segment indepen- 
dently through an individual external resistance. If a filament occurs at one of 
the cathode segments, the discharge voltage related to other segments does 
not drop significantly. Another reason for cathode segmentation is due to the 
relation between current density in the positive column and the normal cath- 
ode current density. As shown in Section 7.3.4, establishing glow discharges in 
fast flows provides higher specific power at relatively elevated pressures (see 
Equation 7.3.9). Thus, a pressure increase is preferable for different plasma- 
chemical and laser applications where high levels of power are desirable. 
Current density in the positive column of a fast flow glow discharges does not 
depend on pressure (Equation 7.3.8), and at typical discharge parameters can 
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FIGURE 7.20 
Cathode segmentation in (a) transverse and (b) longitudinal discharge configuration. 


be estimated as 40 mA/cm7. Alternately, the normal cathode current density 
is proportional 0.1/0.3 mA/cm? x p(Torr) to the square of gas pressure. This 
yields a normal cathode current density of about 300/500 mA /cm? for typical 
pressures of 40 Torr, which exceeds the positive column current density by an 
order of magnitude. Glow discharges usually operate in a transition between 
normal and abnormal regimes when all the cathode area is covered by the 
electric current. Then the cathode segmentation is useful to provide the above- 
mentioned 10-times difference in current density. Some practical ways of the 
cathode segmentation are illustrated in Figure 7.20. In the case of transverse 
discharges, the cathode segments are spread over a dielectric plate; in longitu- 
dinal discharges the segments are arranged as a group of cathode rods at the 
gas inlet to the discharge chamber. Another helpful method of suppressing the 
glow discharge contraction is related to the gas flow in the discharge chamber. 
Making the velocity field as uniform as possible prevents inception of instabil- 
ities. Usually high gas velocities also stabilize a discharge because of reduced 
residence time to values insufficient for contraction. Finally, discharge stabi- 
lization can be achieved by utilizing intense small-scale turbulence, which 
provides damping of incipient perturbations (see Vedenov, 1982; Abilsiitov 
et al., 1984). 


—>EESS=Sa 
7.5 Different Specific Glow Discharge Plasma Sources 


7.5.1 Glow Discharges in Cylindrical Tubes, in Parallel Plates Configuration, 
in Fast Longitudinal and Transverse Flows, and in Hollow Cathodes 


The normal glow discharge in a cylindrical tube is the most widely used. 
Glow discharges in fast longitudinal and transverse fast gas flows, especially 
of interest for laser applications were considered in Section 7.3.4. Segmenta- 
tion of cathodes in these discharge systems to achieve higher values of specific 
power without contraction was discussed in Section 7.4.7. The physical basis 
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and general principles of a hollow cathode discharge were considered in 
Section 7.2.7. Consider now some other configurations of practical interest. 


7.5.2 The Penning Glow Discharges 


The special feature of the Penning discharge is its strong magnetic field (up to 
0.3 Torr), which permits magnetizing both electrons and ions. This discharge 
was proposed by Penning (1936, 1937) and further developed by Roth (1966). 
The classical configuration of the Penning discharge is shown in Figure 7.21. 
To effectively magnetize charge gas particles in this discharge requires low gas 
pressures, 10~°-10~? Torr. The two cathodes in this scheme are grounded and 
the cylindrical anode has voltage about 0.5-5 kV. Even though the gas pressure 
in the Penning glow discharge is low, plasma densities in these systems can be 
relatively high, up to 6 x 10'2cm~°. The plasma is so dense because the radial 
electron losses are reduced by the strong magnetic field, and the electrons are 
trapped axially in an electrostatic potential well (see Figure 7.21). Although 
the configuration of the Penning discharge is markedly different from the 
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FIGURE 7.21 

The classical Penning discharge with uniform magnetic induction and electrostatic trapping 
of electrons. (Adapted from Roth, J.R. 2000. Industrial Plasma Engineering, Institute of Physics 
Publishers, Bristol, Philadelphia.) 
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traditional glow discharge in cylindrical tube, it is still a glow discharge 
because the electrode current is sustained by secondary electron emission 
from cathode provided by energetic ions. The ions in the Penning discharge 
are so energetic that they usually cause intensive sputtering from the cath- 
ode surface. Ion energy in these systems can reach several kiloelectronvolts 
and greatly exceeds the electron energy. Plasma between the two cathodes is 
almost equipotential (see Figure 7.21), so it actually plays the role of a sec- 
ond electrode inside of the cylindrical anode. As a result, the electric field 
inside of the cylindrical anode is close to radial. Both electrons and ions can 
be magnetized in the Penning discharge, which leads to azimuthal drift of 
charged particles in the crossed fields: radial electric field E, and axial mag- 
netic field B. The tangential velocity vgg of the azimuthal drift can be found 
from Equation 4.3.17, and is the same for electrons and ions. As a result, the 
kinetic energy Ex (e, i) of electrons and ions is proportional to their mass Me; 


eee Bt flat: Ee 
Ex(e, 1) = zMeivEB = zMeipz (7.5.1) 
This explains why the ion temperature in the Penning discharge much 
exceeds the electronic temperature. The electron temperature in a Penning 
discharge is approximately 3-10 eV, while the ion temperature can be an 


order of magnitude higher (30-300 eV), see Roth (1973a,b, 2000). 


7.5.3 Plasma Centrifuge 


The effect of azimuthal drift in the crossed electric and magnetic fields in 
the Penning discharge and the related fast plasma rotation allows creation of 
plasma centrifuges. In these systems electrons and ions circulate around the 
axial magnetic field with very large velocities (Equation 4.3.17). This “plasma 
wind” is able to drag neutral particles transferring to them the high energies of 
the charged particles. It is interesting to note that in the collisional regime, the 
gas rotation velocity is usually limited by the kinetic energy corresponding 
to ionization potential: 
2el 
vA =Y M (7.5.2) 
Here I and M are the ionization potential and mass of heavy neutral parti- 
cles, respectively. The maximum neutral gas rotation velocity vrĘin the plasma 
centrifuge is usually referred to as the Alfven velocity for plasma centrifuge. 
Currently, there is no complete explanation for the phenomenon of the crit- 
ical Alfven velocity. It is clear that acceleration of the already very energetic 
ions becomes impossible in weakly ionized plasma when they have energy 
sufficient for ionization. Further energy transfer to ions does not contribute to 
their acceleration but rather mostly to ionization. The point is that ions in con- 
trast to electrons are unable to ionize neutrals when their energy only slightly 
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exceeds the ionization potential. Effectiveness of energy transfer between a 
heavy ion and a light electron inside of neutral particle is very low accord- 
ing to the adiabatic principle. For this reason, effective ionization by direct 
ion impact usually requires energies much exceeding the ionization potential 
(usually it is in kilovolts energy range). Electrons are obviously able to ionize 
at energies near the ionization potential, but their average energies in a plasma 
centrifuge are usually less than those of ions, see Equation 7.5.1. The expla- 
nation of the Alfven critical velocity is related in some way to energy transfer 
from energetic ions to plasma electrons responsible for ionization. Gas rota- 
tion velocities in plasma centrifuges are very high and reach 2-3 x 10°cm/s 
in the case of light atoms. For comparison, the maximum velocities in similar 
mechanical centrifuges are of about 5 x 10*cm/s. The fast gas rotation in a 
plasma centrifuge can be applied for isotope separation, which occurs as a 
result of a regular diffusion coefficient D in a field of centrifugal forces. The 
separation time can be estimated as 


ToR2 


~~ —_>_ 7.5. 
DAM v3 C58) 


TS 


where To is the gas temperature, vy is the maximum gas rotation velocity, Rc 
is the centrifuge radius, and AM = |My — Mp| is the atomic mass difference 
of isotopes or components of gas the mixture. Because of the high rotation 
velocity vg, the separation time in plasma centrifuges is low. Because of high 
rotation velocity vy, the steady-state separation coefficient for binary mixture 
is significant even for isotopes with relatively small difference in their atomic 
masses Mı — Mo: 


12 
= exp | (Mı -m» | Oe ; (7.5.4) 


r1 


= (11 /N2)r=r, 
(11/N2)r=ry 


Here (n1 /n2)r is the concentration ratio of the binary mixture components at 
the radius “r.” For plasma centrifuges with ne/no ~ 1074 — 10~, the parame- 
ter (Mo? /2)/[(3/2)To] is about 3 (Rusanov and Fridman, 1984). The separation 
coefficient for mixture He-Xe in such centrifuges exceeds 300, for mixture 
235U-?38U it is about 1.1. Radial distribution of the partial pressures of gas 
components for deuterium-neon separation in the plasma centrifuge is pre- 
sented in Figure 7.22. The plasma centrifuges are able to provide chemical 
process and product separation at once. Water can be dissociated this way 
H20 > H2 + 102 with simultaneous separation of hydrogen and oxygen 
(this separation coefficient is shown in Figure 7.23 in comparison with H2-Ne 
separation), see Poluektov and Efremov (1998). 
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FIGURE 7.22 
Radial distribution of partial pressures of (1) Dz and (2) Ne in the mixture. 
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FIGURE 7.23 
Separation coefficient of (1) water decomposition products and (2) for H2—Ne mixture (p = 0.3 
Torr, H = 5 KG, t = 3 ms). 
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7.5.4 Magnetron Discharges 


This glow discharge configuration is mostly applied for sputtering of cath- 
ode material and film deposition. A general schematic of the magnetron 
discharge with parallel plate electrodes is shown in Figure 7.24. To provide 
effective sputtering and film deposition, the mean free path of the sputtered 
atoms must be large enough and hence, gas pressure should be sufficiently 
low (1073-3 Torr). However, in this system, because electrons are trapped in 
the magnetic field by the magnetic mirror, a plasma density on the level of 
10'°cm~ is achieved. Ions are not supposed to be magnetized in this system 
to provide sputtering. Typical voltage between electrodes is several hundred 
volts, magnetic induction approximately 5-50 mT. Negative glow electrons 
are trapped in the magnetron discharge by the magnetic mirror. The effect of 
the magnetic mirror causes “reflection” of electrons from areas with elevated 
magnetic field (see Figure 7.25). The magnetic mirror is actually one of the 
simplest systems for plasma confinement in a magnetic field (see Section 6.2). 
The magnetic mirror effect is based on the fact that if spatial gradients of the 
magnetic field are small, the magnetic moment of a charged particle gyrat- 
ing around the magnetic lines is an approximate constant of the motion. The 
particle motion in such a magnetic field is said to be adiabatic motion. The 
electric field between the cathode and the negative glow zone is relatively 
strong, which provides ions with the energy necessary for effective sputter- 
ing of the cathode material. It is important that the drift in crossed electric 
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FIGURE 7.24 

Glow discharge plasma formation in the parallel plate magnetron. The negative plasma glow is 
trapped in the magnetic mirror formed by magnetron magnets. (Adapted from Roth, J.R. 2000. 
Industrial Plasma Engineering, Institute of Physics Publishers, Bristol, Philadelphia.) 
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FIGURE 7.25 
Magnetic mirror effect. 


and magnetic fields cause the plasma electrons in this system to drift around 
the closed plasma configuration. This makes the plasma of the magnetron 
discharge quite uniform, which is important for sputtering and film deposi- 
tion. The magnetron discharges can be arranged in various configurations. 
For example, if the cathode location prevents effective deposition, it can be 
relocated. This leads to the so-called coplanar configuration of the magnetron 
discharge, shown in Figure 7.26. Other possible geometries of the magnetron 
discharge are reviewed in a book of Roth (2000); from the physical point of 
view these are almost identical. 


7.5.5 Magnetic Mirror Effect in Magnetron Discharges 


The magnetic mirror effect plays a key role in magnetron discharges, trap- 
ping the negative glow electrons and providing sufficient plasma density for 
effective sputtering at relatively low pressures of the discharge. Due to its 
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FIGURE 7.26 

Coplanar magnetron configuration. Only the negative glow plasma, trapped in the magnetic 
pole pieces, is normally visible in this configuration. (Adapted from Roth, J.R. 2000. Industrial 
Plasma Engineering, Institute of Physics Publishers, Bristol, Philadelphia.) 


importance this effect will be discussed in more detail. The magnetic moment 
u of a charged particle (in this case an electron, mass m) gyrating ina magnetic 
field B is defined as the current I related to this circular motion multiplied by 
the enclosed area Tp? of the orbit: 

2 


Ino? = t (7.5.5) 
u = TPL = ag ~ CONS: Ds 


In this relation, p is the magnetic moment: pz is the electron Larmor radius 
[see relations (Equations 6.2.25 and 6.2.21)], vis the component of electron 
thermal velocity perpendicular to magnetic field (see Figure 7.25 and Equa- 
tion 6.2.25). The magnetic mirror effect can be understood from Figure 7.25. 
When a gyrating electron moves adiabatically toward higher electric fields, 
its normal velocity component v, is growing proportional to the square root 
of magnetic field in accordance with Equation 7.5.5. The growth of vis obvi- 
ously limited by energy conservation. For this reason the electron drift into the 
zone with elevated magnetic field also should be limited leading to reflection 
of the electron back to the area with lower values of magnetic field. This gen- 
erally explains the magnetic mirror effect. If the magnetic lines in the plasma 
zone are parallel to electrodes (see Figure 7.24), energy transfer from electric 
field in this zone can be neglected in the zeroth approximation. In this model, 
the kinetic energy of the gyrating electron mv?/2 and total electron velocity 
v can be considered as constant. Taking into account that v} = v sin 0 (where 
0 is the angle between total electron velocity and magnetic field direction, 
see Figure 7.25), the constant magnetic momentum (Equation 7.5.5) can be 
rewritten for these simplified conditions as 


ep) 
sin“O@ 2 
ees = ae = const. (7.5.6) 
BZ) mv? 

Thus the angle 0 between total electron velocity and magnetic field direc- 
tion grows during the electron penetration into areas with higher values 
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of magnetic field B(z) until it reaches the “reflection” point 0 = m/2. From 
Equation 7.5.6, electrons can be reflected if their initial angle 6; is sufficiently 
large 


sin 0; > y Bmin/Bmax, (7.5.7) 


where Bmin and Bmax are the maximum and minimum magnetic fields in the 
mirror (see Figure 7.25). If the initial angle 0; is not sufficiently large and 
criterion (Equation 7.5.7) is not valid, electrons are not reflected by the mirror 
and are able to escape. Therefore, the minimum angle is referred as the escape 
cone angle. 


7.5.6 Glow Discharges at Atmospheric Pressure 


Glow discharges usually operate at low gas pressures. If the steady-state dis- 
charge cooling is controlled by conduction (the diffusive regime), the pressure 
increase is limited by overheating. The maximum current density and electron 
concentration proportionally decrease with pressure (see Equations 7.3.6 and 
7.3.7), and the ionization degree decreases as square of pressure ne/no x 1/p?. 
Higher pressures can be reached by operating the glow discharges in fast 
flows. However, these pressures are also limited by plasma instabilities 
because their very short induction times should be comparable or longer 
than the gas residence times in the discharge. Thus operating a stable, con- 
tinuous, nonthermal glow discharge at atmospheric pressure is a challenging 
task. However, this has been accomplished in some special discharge systems, 
for example, glow discharges in transonic and supersonic flows. Application 
of special aerodynamic techniques permits sustaining the uniform steady- 
state glow discharges at atmospheric pressure and specific energy input up 
to 500 J/g (Gibbs and McLeary, 1971; Hill, 1971; Chabotaev, 1972). The glow 
discharge decontraction at atmospheric pressure becomes possible due to sup- 
pressing the transverse diffusion influence on the temperature and current 
density distribution. 

Another interesting application of the glow discharge at atmospheric pres- 
sure is related to using special gas mixtures as working fluid, and additionally 
elaborating some special types of electrodes. Such gas mixtures are supposed 
to be able to provide the necessary level of the ionization rate at relatively 
low values of reduced electric field E/p and are suitable to sustain glow dis- 
charge operation at atmospheric pressure. Gases for such discharges usually 
include different inert gases mixtures. Comparing Figures 7.12 and 7.13, it is 
seen that the reduced electric field necessary to sustain a glow discharge in 
inert gases can be greater than 30 times less than that for molecular gases; 
this is due to the absence of electron energy losses to vibrational excitation. 
Mixtures of helium or neon with argon or mercury are very effective for ion- 
ization when the Penning effect takes place. In this case, hundreds of volts 
are sufficient to operate a glow discharge at atmospheric pressure. Use of 
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helium is also helpful to increase heat exchange and cooling of the systems. 
The normal cathode current density is proportional to the square of pres- 
sure and becomes large at elevated pressures. For this reason, special types 
of electrodes should be applied, for example, fine wires or barrier discharge 
type electrodes. These are necessary to avoid overheating and correlate cur- 
rent density on cathode and in the discharge volume. While atmospheric 
pressure glow discharges are physically similar to such traditional nonther- 
mal atmospheric pressure discharges as corona or dielectric barrier discharge 
(DBD), their voltage can be much less (Kanazava et al., 1987; Yokayama et al., 
1990; Okazaki and Kogoma, 1994; Babukutty et al., 1999). Some special APG 
configurations will be discussed below considering atmospheric pressure 
nonthermal discharges. 


7.5.7 Some Energy Efficiency Peculiarities of Glow Discharge Application 
for Plasma-Chemical Processes 


Glow discharges are widely used as light sources, as active medium for gas 
lasers, for treatment of different surfaces, sputtering, film deposition, and so 
on. Traditional glow discharges controlled by diffusion are of interest only for 
such chemical applications where electric energy cost-effectiveness is not an 
issue. Application of glow discharges as the active medium for highly energy 
effective plasma-chemical processes is limited by the following three major 
factors: 


1. Specific energy input in the glow discharges controlled by diffusion 
are of about 100 eV/mol and exceeds the optimal value of this dis- 
charge parameter Ey ~ 1eV/mol. Assuming the energy required for 
single chemical reaction is usually about 3 eV/mol, it is clear that 
the maximum possible energy efficiency in these systems is about 
3% even at complete 100% conversion. These high specific energy 
inputs (about 100 eV/mol) are related to relatively low gas flows 
passing through the discharge. In the optimal case when a molecule 
receives energy Ey ~ 1eV/mol ~ 3hw, itis supposed to leave the dis- 
charge zone. From the point of view of energy balance, this means 
that plasma cooling should be controlled by convection, which takes 
place only in fast flow glow discharges. 


2. The most energy-effective processes require high ionization 
degrees, see Equation 5.6.5. Taking into account that ne/no « 1/p? 
(see Equation 7.3.7), the requirement of a high degree of ionization 
leads to low gas pressures and hence, to further growth of the specific 
energy input and decrease of energy efficiency. The reduction of pres- 
sure necessary for the increase of the degree of ionization also results 
in an increase of the reduced electric field and hence, an increase of 
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electron temperature. Such electron temperature increase is also not 
favorable for effective plasma-chemical processes. 


3. Specific power of the conventional glow discharges controlled by 
diffusion does not depend on pressure and is actually quite low. 
Numerically, the glow discharge power per unit volume is about 
0.3-0.7 W/cm (see Equation 7.3.5). For this reason, the specific pro- 
ductivity of such plasma-chemical systems is also relatively low. 
Possible increase of the specific power and specific productivity of 
related plasma-chemical systems can be achieved by increasing the 
gas pressure and applying the fast flow glow discharges with convec- 
tive cooling. Thus energy efficiency of plasma-chemical processes in 
conventional glow discharges is not very high with respect to other 
nonthermal discharges. 


PROBLEMS AND CONCEPT QUESTIONS 


1. Space charges in cathode and anode layers. Space charges are formed 
near the cathode and the anode. Explain why the space charge of 
the cathode layer is much greater than in the anode layer. 

2. Radiation of plasma layers immediately adjacent to electrodes. Explain 
why the plasma layer immediately adjacent to the cathode is dark 
(the Aston dark space), while the plasma layer immediately adjacent 
to the anode is bright (the anode glow). 

3. The Seeliger’s rule of spectral line emission sequence in negative and cath- 
ode glows. The negative glow first reveals (closer to cathode) spectral 
lines emitted from higher excited atomic levels and then reveals 
spectral lines related to lower excited atomic level. This sequence 
is reversed with respect to the order of spectral line appearance in 
the cathode glow. Explain this so-called Seeliger’s rule. 

4. Glow discharge in tubes of complicated shapes. Glow discharges can 
be maintained in tubes of very complicated shapes. This effect 
is widely used in luminescent lamps. Explain the mechanism of 
sustaining the glow discharge uniformity in such a case. 

5. Current—voltage characteristic of DC discharges between electrodes. Ana- 
lyze the current-voltage characteristic in Figure 7.5; explain why 
the dark discharge cannot exist at small currents below the critical 
one (interval AB in the figure). Estimate this minimal current for a 
dark discharge. 

6. Space distribution of ion and electron currents in dark discharge. Accord- 
ing to the continuity equations for electrons and ions, derive Equa- 
tion 7.1.2 for electron and ion current distributions. Estimate the 
accuracy of the equation in neglecting diffusion and recombination 
of charged particles. 

7. Maximum current of dark discharge. Analyze Equation 7.1.11 and show 
that the maximum current of a dark discharge is proportional to the 
square of gas pressure. Derive a relation between the relevant simi- 
larity parameters: the dark discharge maximum current jmax 1p, 
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10. 


11. 


12. 


13. 


14. 


ion mobility j14p, reduced electric field E/p and inter-electrode 
distance pdo. 

Comparison of typical voltages in dark and glow discharges. Typical volt- 
age of a glow discharge is lower than that in a dark discharge 
because of the strongly exponential dependence of the Townsend 
coefficient on the electric field in a gap a[E(x)]. However, it cannot 
be applied, to very large electric fields when the dependence a(E) is 
close to saturation and not strong. Determine the maximum elec- 
tric field necessary for the effect, according to Equation 4.4.5 for the 
Townsend coefficient a(E) . 

The Engel-Steenbeck model of a cathode layer. Analyze the solution of 
the system of Equations 7.1.9, 7.1.12, and 7.2.1, taking the Townsend 
coefficient dependence on electric field a(E) in the form Equa- 
tion 4.4.5, and assuming a linear decrease of electric field along 
the cathode layer Equation 7.2.2. Find possible analytical approx- 
imations of the solution. Discuss the accuracy of replacing in 
Equation 7.1.12 the linear expression for electric field Equation 7.2.2 
bay constant electric field. 

Normal cathode potential drop, normal current density and normal thick- 
ness of cathode layer. Analyzing Equation 4.4.7 proves that the normal 
cathode potential drop does not depend on either pressure or on 
gas temperature. Determine dependence of normal current density 
and normal thickness of cathode layer on temperature at constant 
pressure, and on pressure at constant temperature. 

Stability of normal current density. Prove that central quasi- 
homogeneous region of cathode layer is stable even if the current 
density exceeds the normal one j > jn. Show that the periphery of 
the cathode spot is unstable at the same time, which finally leads to 
a decrease of current density until it reaches the normal value j = jn. 
The Steenbeck minimum power principle. Analyze the minimum power 
principle and explain why it is not related to fundamental princi- 
ples. How you can explain the wide applicability of the minimum 
power principle to different specific problems in gas discharge 
physics. Prove this principle for the specific problem of establishing 
normal current density in cathode layer of a glow discharge. 
Abnormal glow discharge. Determine dependence of the conductiv- 
ity in the cathode layer on total current for the abnormal regime 
of glow discharge. Compare this conductivity with that one for 
cathode layer of a normal glow discharge. Estimate the total resis- 
tance of the cathode layer per unit area of cathode surface in the 
abnormal glow discharge; compare it with that for the normal glow 
discharge. 

Glow discharge with hollow cathode. For the Lidsky hollow cathode 
(Figure 7.10), explain how the electric field becomes able to pen- 
etrate into the capillary thin hollow cathode. Take into account 
that plasma formed inside of the capillary tube is a good conduc- 
tor. Explain how to start the glow discharge inside of the hollow 
capillary metal tube, where initially there is almost no electric 
field. 
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15. Anode layer of a glow discharge. Compare thickness of the anode and 
cathode layers and their dependences on pressure for anormal glow 
discharge. 

16. Current—voltage characteristics of a glow discharge in recombination 
regime. Based on Equation 7.3.2, analyze the influence of electron 
attachment and detachment on the current-voltage characteristic of 
a glow discharge in recombination regime. Analyze different effects 
promoting slight growing and slight decreasing of this almost 
horizontal current-voltage characteristic. 

17. Conductive and convective mechanisms of heat removal from positive col- 
umn of a glow discharge. On the basis of Equation 7.3.4, determine the 
critical gas velocity for the convective mechanism to dominate the 
heat removal from positive column of a glow discharge. Consider 
gases with high and low values of heat conductivity coefficients, 
cases of capillary-thin and relatively thick discharge tubes. 

18. Glow discharge in fast gas flows. The effect of E/p increase in the fast 
laminar flows can be explained not only by direct convective losses 
of charged particles, but also by convective losses of active species 
responsible for electron detachment from negative ions. Compare 
the effectiveness of these two mechanisms in the reduced electric 
field E/p increase. 

19. Joule heating influence on current—voltage characteristic of glow discharge. 
Derive Equation 7.3.11, describing the slightly decreasing current- 
voltage characteristic of a glow discharge. Take into account the heat 
balance Equation 7.3.3 and the similarity condition: E/ng « ETo ~ 
const. 

20. Contraction of positive column of glow discharge controlled by diffusion. 
Explain why in addition to the nonlinear mechanism of ionization 
growth with electron density, the volumetric character of electron 
losses is necessary to provide contraction of a glow discharge. Based 
on relations from Sections 4.5 and 6.3, estimate the critical elec- 
tron concentrations and specific powers typical for glow discharge 
transition to the contracted mode. 

21. Contraction of glow discharge in fast gas flow. Explain why transition 
to the contracted mode takes place in fast flow glow discharges 
when not specific power (W/cm? ), but rather the specific energy 
input (eV/mol or J/ cm?) exceeds the critical value (see Section 6.3.6, 
Figure 6.12). Explain why the fast flow mode of a glow discharge is 
preferable from the point of view of total power with respect to one 
controlled by diffusion. 

22. Limitation of the striation wavelength. Derive the criterion (Equa- 
tion 7.4.2) for suppression of striations by ionization effects that 
are based on the relation: vgt¢ ~ 1/8. Use the definition of the 
time interval ts, necessary for building up the electron energy dis- 
tribution function (tf = 1/(ven$)), Equation 4.3.11 for drift velocity, 
and Equation 4.2.38 between electric field and electron temperature. 
Analyze the possible wavelength of striations in inert and molecular 
gases. 
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24. 


25. 


26. 


27), 


28. 


29. 


30. 


Phase and group velocity of striations. Considering striations as ion- 
ization waves following the dispersion (Equation 7.4.11), prove that 
their group and phase velocities have the same absolute value, but 
opposite signs. Give a physical interpretation of different directions 
of the phase and group velocities for the wave with frequencies 
proportional to wavelength. 

Striations from the view point of the Steenbeck principle of minimum 
power. Based on the strong exponential dependence of ionization 
rate on value of electric field k;(E/p), prove that if the discharge cur- 
rent is fixed, the voltage drop related to a wavelength of striations 
is less than the corresponding voltage of a uniform discharge for 
the same length. 

Cathode segmentation. Using Equation 7.3.8 for current density in 
positive column of the fast flow glow discharge, and Table 7.2 for 
the normal cathode current density, determine the discharge and 
cathode material conditions, when the cathode segmentation is nec- 
essary to correlate the current densities in cathode layer and positive 
column. 

The Penning discharge. Analyze the classical configuration of the Pen- 
ning discharge and explain why the electric field in this system can 
be considered as radial. Compare the Penning discharge with the 
hollow cathode glow discharge, where the electric field configu- 
ration is also quite sensitive to the plasma presence. The classical 
configuration of the hollow cathode glow discharge is difficult to 
ignite, does the Penning discharge have similar problem? 

The Alfven velocity in plasma centrifuge. Estimate electric and mag- 
netic field in plasma centrifuge, when the ionic drift velocity in 
the crossed electric and magnetic fields reaches the critical Alfven 
velocity. Give your interpretation of the Alfven velocity, taking into 
account that direct ion impact ionization is an adiabatic process and 
requires much higher energy than the ionization potential. 

Isotope separation in plasma centrifuge. Using Equation 7.5.4 and typi- 
cal parameters of a plasma centrifuge given in Section 7.5.3, estimate 
the value of the separation coefficient for uranium isotopes 235 Uf 
23817, Compare your estimations with experimental value of the 
coefficient, see Equation 7.5.3. 

Magnetron discharge. Taking into account typical values of the mag- 
netic field induction in the magnetron discharges given in Section 
7.5.4, estimate the interval of pressures, when electrons are magne- 
tized but ions are not. Compare your estimation pressures in the 
magnetron discharges. 

Adiabatic motion of electrons in magnetic mirror. Based on Equa- 
tions 6.2.25 and 6.2.21 for the Larmor radius and cyclotron fre- 
quency, derive Equation 7.5.5 for the magnetic momentum of an 
electron gyrating around a magnetic line in the magnetron dis- 
charge. Explain the magnetic moment constancy for the adiabatic 
motion of electrons in a magnetic mirror, and its relation to magnetic 
plasma confinement. 
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31. The escape cone angle in magnetic mirror. If the initial angle 0; between 
electron velocity and magnetic field direction is not sufficiently 
large, electrons are not reflected by the magnetic mirror and are 
able to escape. Derive Equation 7.5.7 for the escape cone angle as 
a function of the maximum and minimum values of magnetic field 
in the magnetic mirror. 

32. Atmospheric pressure glow discharges. Explain the problems to orga- 
nize glow discharges at atmospheric pressure. What is the difference 
between traditional nonthermal atmospheric pressure discharges 
(corona, DB) and the atmospheric pressure glow discharges. 


8 


Arc Discharges 


8.1 Physical Features, Types, Parameters, and 
Current-Voltage Characteristics of Arc Discharges 


8.1.1 General Characteristic Features of Arc Discharges 


Arcs are self-sustaining DC discharges, but in contrast to glow discharges 
they have low cathode fall voltage of about 10 eV, which corresponds to the 
ionization potential. Arc cathodes emit electrons by intense thermionic and 
field emission; these are able to provide high cathode current already close 
to the total discharge current. Because of the high cathode current, there is 
no need for a high cathode fall voltage to multiply electrons in the cathode 
layer to provide the necessary discharge current. Arc cathodes receive large 
amounts of Joule heating from the discharge current and therefore are able 
to reach very high temperatures in contrast to the glow discharges, which 
are actually cold. The high temperature leads to evaporation and erosion of 
electrodes. The main arc discharge zone located between electrode layers is 
called positive column. The positive column can be either quasi-equilibrium 
or nonequilibrium depending on gas pressure. Nonequilibrium DC-plasma 
can be generated not only in glow discharges, but also in arcs at low pressures, 
while quasi-equilibrium DC-plasma can be generated only in electric arcs. 


8.1.2 Typical Ranges of Arc Discharge Parameters 


The thermal and nonthermal regimes of arc discharges have many pecu- 
liarities and quite different parameters. The principal cathode emission 
mechanism is thermionic in nonthermal regimes and mostly field emission in 
thermal arcs. Also the reduced electric field E/p is low in thermal arcs and rel- 
atively high in nonthermal arcs. The total voltage in any kind of arc is usually 
relatively low; in some special forms it can be only couple of volts. Ranges 
of plasma parameters typical for the thermal and nonthermal arc discharges 
are outlined in Table 8.1. Thermal arcs operating at high pressures are much 
more energy intensive. These have higher currents and current densities and 
also higher power per unit length. For this reason these discharges are some- 
times referred to as high intensity arcs. The division of arc discharges into 
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TABLE 8.1 


Typical Ranges of the Thermal and Nonthermal Arc Discharge Plasma 
Parameters 


Discharge Plasma Parameter Thermal Arc Discharge Nonthermal Arc Discharge 


Gas pressure 0.1-100 atm 1073-100 Torr 
Arc current 30 A- 30 kA 1-30A 

Cathode current density 104-107 A /cm2 102-104 A/cm? 
Voltage 10-100 V 10-100 V 

Power per unit length 1kW/cm 1kW/cm 
Electron density 1015-1019 A/cm? 1014-1015 A /cm? 
Gas temperature 1-10 eV 300-6000 K 
Electron temperature 1-10 eV 0.2-2 eV 


two groups is simplified. The following classification according to specific 
peculiarities of the cathode processes, peculiarities of the positive column, 
and peculiarities of the working fluid can be more informative. 


8.1.3 Classification of Arc Discharges 


Different DC-discharges with low cathode fall voltage are considered as 
arc discharges. They can be classified by the cathode and positive column 
mechanisms: 


e Hot thermionic cathode arcs: In such arcs the cathode has a temperature 
of 3000 K and more which provides a high current due to thermionic 
emission. These arcs are stationary to a fixed and large cathode spot. 
The current is distributed over a relatively large cathode area and 
therefore its density is not high, about 102-104 A /cm?. Only special 
refractory materials like carbon, tungsten, molybdenum, zirconium, 
tantalum, and so on can withstand such high temperatures and be 
used in these types of arc discharges. The hot thermionic cathode can 
be heated to sufficiently high temperatures not only by the arc cur- 
rent, but also in a non-self-sustained manner from an external source 
of heating. Such cathodes are utilized in low-pressure arcs, and in par- 
ticular, in thermionic converters. Cathodes in such arc discharges are 
usually activated to decrease the temperature of thermionic emission. 


e Arcs with hot cathode spots: If a cathode is made from low-melting- 
point metals like copper, iron, silver or mercury, the high temperature 
necessary for emission cannot be sustained permanently. Electric 
current flows in this case through hot spots that appear to move 
fast and disappear on the cathode surface. The current density in the 
spots is high about 107-10” A/cm?. This leads to localized intense, 
short heating and evaporation of the cathode material, while the rest 
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of the cathode actually stays cold. The principal mechanism of elec- 
tron emission from the spots is thermionic field emission to provide 
a high current density at temperatures limited by the melting point. 
Note that the cathode spots appear not only in the case of the low- 
melting-point cathode materials, but also in refractory metals at low 
currents and low pressures. 


e Vacuum arcs: This type of low-pressure arc, operating with the cath- 
ode spots, is special because the gas phase working fluid is provided 
by intense erosion and evaporation of electrode material. The vac- 
uum arc operates in a dense metal vapor, which is self-sustained in 
the discharge. This type of arc is of importance in high-current elec- 
trical equipment, for example, high current vacuum circuit breakers 
and switches. 


e High-pressure arc discharges: An arc discharge of positive column 
plasma is a quasi-equilibrium one at pressures exceeding 0.1-0.5 atm. 
Most traditional thermal arcs obviously operate at atmospheric 
pressure in open air. The main parameters of such arcs, current, 
voltage, temperature, and electron density are shown in Table 8.1. 
Thermal arcs operating at very high pressures exceeding 10 atm are 
a special example. In this case, thermal plasma is so dense that most 
of the discharge power, 80-90%, is converted into radiation, which 
is much greater than at atmospheric pressure. Such types of arcs 
in xenon and in mercury vapors are applied as special sources of 
radiation. 


e Low pressure arc discharges: Positive column plasmas of arc discharges 
at low pressures of about 1073-1 Torr are nonequilibrium and quite 
similar to that in glow discharges. However, it should be pointed 
out that the degree of ionization in nonthermal arcs is higher than in 
glow discharges because arc currents are much larger. Typical param- 
eters of such nonthermal plasma, current, voltage, temperature, and 
electron density are presented in Table 8.1. 


8.1.4 Current-Voltage Characteristics of Arc Discharges 


General current-voltage characteristic of continuous self-sustained DC dis- 
charges for a wide range of currents was discussed in Section 7.1.4 and 
illustrated in Figure 7.5. Transition from glow-to-arc discharge corresponds 
to the interval FG in the figure. The current density of abnormal glow dis- 
charge increases resulting in the heating of the cathode and the growth of 
thermionic emission, which determines the glow-to-arc transition. The glow- 
to-arc transition is continuous (Figure 7.5) in the case of thermionic cathodes 
made from refractory metals, and takes place at currents about 10 A. Cathodes 
made from low-melting-point metals provide the transition at lower currents 
0.1-1 A. This transition is sharp, unstable, and accompanied by the formation 
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FIGURE 8.1 
V—i characteristic of a xenon lamp in the region of transition from glow to arc discharge 
p =5atm. 


of hot cathode spots. An example of the current-density characteristic for 
such a glow-to-arc transition is presented in Figure 8.1. An example of the 
current-voltage characteristic (Figure 8.2) for an actual arc discharge corre- 
sponds to the interval GF in Figure 7.5. This example corresponds to the most 
classical type of arc discharges, the voltaic arc (Figure 8.3), which is a carbon 
arc in atmospheric air (arc discharges were first discovered in this form). The 
cathode and anode layer voltages in the voltaic arc are both about 10 V, the 
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v—i characteristic of carbon arc in air. Values of L indicate the distance between electrodes. 


Arc Discharges 507 


Anode 500 


a 

N 
ii 
i 
8 
3 


10,000 
11,000 
12,000 K 


| 
| 
tem] ýy 


| 
Cathode 


FIGURE 8.3 
Carbon arc in air at a current of 200 A. A Toepler photograph and measured temperature field. 


balance of voltage (see Figure 8.2) correspond to a positive column. Increase 
of the discharge length leads to linear growth of voltage, which means that 
the reduced electric field in the arc is constant at fixed current. When the dis- 
charge current grows, the electric field and voltage gradually decrease until 
a critical point of sharp explosive voltage reduction (see Figure 8.2); this is 
followed by an almost horizontal current-voltage characteristic. The transi- 
tion is accompanied by specific hissing noises associated with the formation 
of hot anode spots with intense evaporation. Although arc discharges may 
have very different configurations, in general, their structure includes cathode 
layer, positive column, and anode layer. 


EEN 
8.2 Mechanisms of Electron Emission from Cathode 
8.2.1 Thermionic Emission: The Sommerfeld Formula 


Thermionic emission refers to the phenomena of electron emission from a 
high temperature metal surface (e.g., hot cathode), which is due to ther- 
mal energy of electrons located in metal. Emitted electrons can remain in 
the surface vicinity creating there a negative space charge, which prevents 
further electron emission. However, the electric field in the cathode vicinity is 
enough to push the negative space charge out of the electrode and reach the 
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saturation current density. This saturation current density is the main charac- 
teristic of the cathode thermionic emission. To derive the expression for the 
saturation current of thermionic emission, consider the electron distribution 
function in metals, which is the density of electrons in the velocity interval 
(vx /Vx) + dvx, and so on. The electron distribution in metals is essentially a 
quantum-mechanical one, and can be described by the Fermi function (see, 
e.g., Landau and Lifshitz, 1967) 


2m> — u(T, ne) 17! 
f Ox, Vy, Uz) = oa f + exp = . (8.2.1) 


Here (T, ne) is the chemical potential, which can be found from the nor- 
malization of the Fermi distribution function. This means that the integral of 
the distribution function (Equation 8.2.1) over all velocities should be equal to 
the total electron density ne in metal. Also in Equation 8.2.1, m, e are electron 
mass and total energy. The most energetic electrons are able to leave the metal 
if their kinetic energy mv2/2 in the direction “x” perpendicular to the metal 
surface exceeds the absolute value of the potential energy |ep|. The electric 
current density of these energetic electrons leaving the metal surface can be 
found by integrating the Fermi distribution function (Equation 8.2.1): 


+00 +00 +00 


j=e | dvy | dvz | Oxf (Ox, Vy, Vz) Ax. (8.2.2) 
=e =o Jf 2lep|/m 


The energy distance from the highest electronic level in metal (the Fermi 
level) to the continuum is called the work function W; this actually corre- 
sponds to the minimum energy necessary to extract an electron from the 
metal. In terms of the work function, the integration Equation 8.2.2 leads 
us to the Sommerfeld formula describing the saturation current density for 
thermionic emission 


_ 4nme 
— (21h) 


j T? (1 — R) exp (-7) f (8.2.3) 


Here R is a quantum mechanical coefficient describing the reflection of 
electrons from the potential barrier related to the metal surface. It is conve- 
nient for practical calculations to use the numerical value of the Sommerfeld 
constant 

4nme A 


(2nh) =A emk? 


and to take into account typical values of the reflection coefficient R = 0/0.8. 
Numerical values of the work function W for some cathode materials are 
given in Table 8.2. A tungsten cathode covered by thorium oxide has a work 
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TABLE 8.2 

Work Functions of Some Cathode 
Materials 

Material Work Function (eV) 
Al 4.25 

Cc 4.7 

Cu 44 
Mo 43 

Ni 45 

Pt 5.32 
W 4.54 
W/ThO> 2.5 


function lower than pure tungsten cathode, almost 50%. The thermionic emis- 
sion current from the metal oxide cathode exponentially exceeds that for a 
cathode made from pure refractory metal. 


8.2.2 Schottky Effect of Electric Field on Work Function and Thermionic 
Emission Current 


The thermionic current grows with electric field until the negative space 
charge near cathode is eliminated and saturation is achieved. However, this 
saturation is rather relative. Further increase of the electric field gradually 
leads to an increase of the saturation current level, which is related to reduc- 
tion of work function. The effect of electric field on the work function is known 
as the Schottky effect. The work function W is the binding energy of an elec- 
tron to a metal surface. Neglecting the external electric field this is work 
Wo = e? / (4n£9)4a against the attractive image force e? / (4720) (2r)? (between 
the electron and its mirror image inside of metal). Here a is the inter-atomic 
distance in metal. In the presence of an external electric field E extracting 
electrons from cathode, the total electric field applied to the electron can be 
expressed as a function of its distance from the metal surface 


2 


e 
Fr) = ———, -eE 
16megr2 É 


(8.2.4) 


The extraction occurs if the electron distance from the metal exceeds the 
critical distance rer = y e/16x£0E, and the attraction to the surface changes to 
repulsion. The work function can be calculated as the integral 


Yor 2 
W = [Foar x 


a 
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The Schottky relation (Equation 8.2.5) returns in the absence of electric field 
(E = 0) to W = Wo. The work function decreases in an external electric field 
and the Schottky relation (Equation 8.2.5) can be rewritten as 


W,eV = Wo — 3.8 x 107-4,/E, V/cm. (8.2.6) 


From Equation 8.2.6, the decrease of work function is small at reasonable 
values of electric field. However, the Schottky effect can result in a major 
change of the thermionic current because of its strong exponential depen- 
dence on the work function in accordance with the Sommerfeld formula 
(Equation 8.2.3). The thermionic emission current density dependence on 
electric field is given in Table 8.3 (Raizer, 1977). A change of electric field 
by four times results in an increase of the thermionic current density by 800 
times. 


8.2.3 Field Electron Emission in Strong Electric Fields, 
the Fowler-Nordheim Formula 


If the external electric fields are very high (about 1-3 x 10° V/cm), they are 
able not only to decrease the work function but also directly extract electrons 
from cold metal due to the quantum-mechanical tunneling. A simplified trian- 
gular potential barrier for electrons inside metal, taking into account external 
electric field E but neglecting the mirror forces is presented in Figure 8.4. 
Electrons are able to escape from metal across the barrier due to tunneling, 
which is called the field emission. The field electron emission current density 
in the approximation of the triangular barrier (Figure 8.4) was first calculated 
by Fowler and Nordheim in 1928, and can be calculated by the following 


TABLE 8.3 


Current Densities of Thermionic, Field Electron and Thermionic Field 
Emissions as a Function of Electric Field E 


Electric Schottky Thermionic Field Thermionic 
Field Decrease Emission Emission Field Emission 
(10° V/cm) of W (V) j (A/cm?) j (A/cm?) j (A/cm?) 

0 0 0.13 x 10° 0 0 

0.8 1.07 8.2 x 10° 2 x 10729 1.2 x 104 
1.7 1.56 5.2 x 104 2.2 x 1074 1.0 x 10° 
2.3 1.81 1.4 x 10° 1.3 2.1 x 10° 
2.8 2.01 3.0 x 10° 130 8 x 10° 
3.3 2.18 6.0 x 10° 4.7 x 108 2.1 x 10° 


The following values of electrode temperature, work function, Fermi energy, and pre- 
exponential factor of the Sommerfeld relation are taken in the example for numerical cal- 
culations: T = 3000 K, W = 4eV, Ag(1 — R) = 80 A/cm*K?; Ag(1 — R) = 80 A/cm? K?. 
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FIGURE 8.4 
Potential energy of electron on the metal surface when the electric field is applied. 


Fowler—Nordheim formula: 


2 1 4./2m W? 
j= 3 T exp mio ; (8.2.7) 
4n2h (Wo + eF) V Wo 3eh E 


Here ep is the Fermi energy of a metal, Wo is the work function not 
perturbed by external electric field (see Equation 8.2.6). As seen from the 
Fowler—Nordheim formula, the field emission current is sensitive to small 
changes in the electric field and work function, including those related to the 
Schottky effect (Equation 8.2.6). Electron tunneling across the potential bar- 
rier influenced by the Schottky effect and the corresponding field emission 
are illustrated in Figure 8.5. The Fowler-Nordheim formula can be then cor- 
rected by factor (AW/Wo) depending on the relative Schottky decrease of 
work function: 


1 EF 6.85 x 107W? (eV)£ 
i = 6.2 x 1076A /cm? 0 , 
JERR IUTA eee Wa o| E, V/em 


(8.2.8) 


The correction factor (AW/Woọ) is given in Table 8.4 (Granovsky, 1971). 
Numerical examples of the field emission calculations based on the corrected 
Fowler—-Nordheim relation (Equation 8.2.8) are presented in Table 8.3. The 
field emission current density dependence on electric field is really strong 
in this case: A change of electric field by four times results in an increase 
of the field emission current density by more than 23 orders of magnitude. 
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Illustration of thermionic and field emission. The Schottky effect. 


According to the corrected Fowler-Nordheim formula (Equation 8.2.8) and 
Table 8.3, the field electron emission becomes significant when the electric 
field exceeds 10’ V/cm. However, the electron field emission already makes 
significant contribution at electric fields about 3 x 10° V/cm because of the 
field enhancement at the microscopic protrusions on metal surfaces. 


TABLE 8.4 


Correction Factor £(AW/Wo) in the Fowler-Nordheim 
Formula for Field Emission 


Relative Schottky Decrease Fowler—Nordheim 
of Work Function, AW/Wo Correction Factor, §(AW/W ) 
0 1 

0.2 0.95 

0.3 0.9 

0.4 0.85 

0.5 0.78 

0.6 0.7 

0.7 0.6 

0.8 0.5 

0.9 0.34 


1 


0 
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8.2.4 Thermionic Field Emission 


When the cathode temperature and external electric field are high, both 
thermionic and field emission make significant contribution to the current of 
electrons escaping the metal. This emission mechanism is usually referred to 
as the thermionic field emission and plays an important role in cathode spots. 
To compare the emission mechanisms it is convenient to subdivide electrons 
escaping the metal surfaces into four groups, illustrated in Figure 8.5. Elec- 
trons of the first group have energies below the Fermi-level, so they are able to 
escape the metal only through tunneling, or in other words by the field emis- 
sion mechanism. Electrons of the fourth group leave the metal by thermionic 
emission mechanism without any support from the electric field. These two 
groups of electrons present extremes in the electron emission mechanisms. 
Electrons of the third group overcome the potential energy barrier because of 
its reduction in the external electric field. This Schottky effect of the electric 
field is obviously a pure classical one. The second group of electrons is able 
to escape the metal only quantum mechanically by tunneling similar to those 
from the first group. However, in this case, the potential barrier of tunneling 
is not so large because of the relatively high thermal energy of the second 
group electrons. These electrons escape the cathode by the mechanism of 
the thermionic field emission. Because thermionic emission is based on the 
synergetic effects of temperature and electric field, these two key parameters 
of electron emission need only to be reasonably high to provide the signifi- 
cant emission current. Results of calculations of the thermionic field emission 
(Granovsky, 1971) are also presented in Table 8.3. The thermionic field emis- 
sion dominates over other mechanisms at T = 3000K and E > 8 x 10° V/cm. 
Note that at high temperatures and lower electric fields E < 5 x 10°V/cm, 
electrons of the third group usually dominate the emission, which follows 
in this case the Sommerfeld relation (Equation 8.2.3) with the work function 
diminished by the Schottky effect relation (Equation 8.2.6). 


8.2.5 Secondary Electron Emission 


The thermionic and field emissions play the most important role in the cath- 
ode processes of arc discharges. There are other mechanisms of electron 
emission from solids related to surface bombardment by different particles. 
These mechanisms are called secondary electron emissions. The secondary 
electron emission does not make major contributions in electrode kinetics of 
arc discharges (with exception of gliding arcs), but are important in other dis- 
charges, especially in glow discharges. The secondary ion-electron emission 
is induced by ionimpact. The secondary ion—electron emission is the principal 
distinctive feature of the glow discharges. The direct ionization in collisions 
of ions with neutral atoms is not effective because of the adiabatic principle. 
Heavy ions are unable to transfer energy to light electrons to provide ioniza- 
tion. This general statement also can be applied to the direct electron emission 
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FIGURE 8.6 
Secondary electron emission from tungsten as a function of ion energy. 


from solid surfaces induced by ion impact. As seen from Figure 8.6 (Dobretsov 
and Gomounova, 1966), the secondary electron emission coefficient y (elec- 
tron yield per one ion, see Section 4.4.1) effectively starts growing with ion 
energy only at very high energies exceeding 1 keV, when the Massey param- 
eter becomes large. Although the secondary ion-electron emission coefficient 
y is indeed lower (on the level of 0.01-0.1) at lower ion energies, it is not 
negligible (see Figure 8.6). This value of the coefficient y stays almost con- 
stant at ion energies below the kilovolt range. This can be explained by the 
Penning mechanism of the secondary ion-electron emission. According to 
the Penning mechanism, which is also called the potential mechanism, ions 
approaching a surface extract an electron because the ionization potential I 
exceeds the work function W. The defect of energy I — W is usually enough 
(I — W > W) to provide escape of one more electron from the surface. Such 
a process is nonadiabatic (Section 2.2.7), so its probability is not negligible. If 
surfaces are clean, the secondary ion-electron emission coefficient y can be 
estimated as 


y ~ 0.016 — 2W). (8.2.9) 


If surfaces are not clean, the y coefficients are lower and grow with ion 
energy even when they are not high enough for adiabatic emission to take 
place. Another secondary electron emission mechanism is related to the 
surface bombardment by excited metastable atoms with excitation energy 
exceeding the surface work function. This so-called potential electron emis- 
sion induced by metastable atoms can have quite a high secondary emission 
coefficient y. Some of these are presented in Table 8.5. The term “poten- 
tial” is applied to this emission mechanism to contrast it with the kinetic 
one, related to not very effective adiabatic ionization or emission induced by 
kinetic energy of the heavy particles. Secondary electron emission also can be 
provided by a photo-effect metallic surface. The photo-electron emission is 
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TABLE 8.5 


Secondary Emission Coefficient y for the Potential Electron 
Emission Induced by Collisions with Metastable Atoms 


Secondary Emission Coefficient 


Metastable Atom Surface Material y (Electron/Atom) 
He(23S) Pt 0.24 
He(2!8) Pt 0.4 

Ar* Cs 0.4 


usually characterized by the quantum yield Yw, which is similar to the sec- 
ondary emission coefficient and shows the number of emitted electrons per 
one quantum fiw of radiation. The quantum yields as a function of photon 
energy ho for different metal surfaces (Lozansky and Firsov, 1975) are shown 
in Figure 8.7. From this figure, the visual light and low energy UV-radiation 
give the quantum yield Yho ~ 10-3, which is sensitive to the quality of the 
surface. High energy UV-radiation provides emission with the quantum yield 
in the range 0.01-0.1, and is less sensitive to the surface characteristics. The 
secondary electron—electron emission is the electron emission from a solid sur- 
face induced by electron impact. This emission mechanism does not play any 
significant role in DC-discharges. The plasma electrons move to the anode 
where electron emission is not effective in the presence of an electric field 
pushing them back to the anode. However, the secondary electron—-electron 
emission can be important in the case of high-frequency breakdown of dis- 
charge gaps at very low pressures, and also in heterogeneous discharges. 
The secondary electron—electron emission is characterized by the multiplica- 
tion coefficient ye, which shows the number of emitted electrons produced 
by the initial one. Dependence of the multiplication coefficient ye on elec- 
tron energy for different metals and dielectrics (Fransis, 1960; Dobretsov and 
Gomounova, 1966) is shown in Figure 8.8; see Modinos (1984) and Komolov 
(1992). 


ee 
8.3 Cathode and Anode Layers in Arc Discharges 
8.3.1 General Features and Structure of Cathode Layer 


The general function of the cathode layer is to provide the high current nec- 
essary for electric arc operation. Electron emission from the cathode in arcs is 
due to thermionic and field emission mechanisms. These are much more effec- 
tive with respect to secondary ion-electron emission that dominates in glow 
discharges. In the case of thermionic emission, ion bombardment provides 
cathode heating, which then leads to the escape of electrons from the surface. 
The secondary emission usually gives about y ~ 0.01 electrons per ion, while 
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Photoelectron emission coefficients as a function of photon energy. 
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FIGURE 8.8 
Secondary electron emission as a function of bombarding electron energy. 
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thermionic emission can generate Yeff = 2-9 electrons per ion. The fraction of 
electron current near the cathode in glow discharge is small y/(y + 1) ~ 0.01. 
The fraction of electron current in the cathode layer of an arc is 


Veff 


= Ie x 0.7-0.9. 3.1 
a (8.3.1) 


Equation 8.3.1 shows that thermionic emission from the cathode actually 
provides most of the electric current in the arc discharge. However, it is also 
known that the electric current in the positive column of both arc and glow 
discharges is almost completely provided by electrons because of their very 
high mobility with respect to ions. In glow discharges most of this current 
1— y/(y +1) ~ 99% is generated by electron-impact gas-phase ionization in 
the cathode layer. For this reason the cathode layer voltage should be quite 
high—of the order of hundreds of volts—to provide several generations of 
electrons (see Section 7.2.3, Table 7.2). In contrast, the electron-impact gas- 
phase ionization in the cathode layer of arc discharges should provide only a 
minor fraction of the total discharge current 1 — S ~ 10-30%. This means that 
less than one generation of electrons should be born in the arc cathode layer. 
The necessary cathode drop voltage in this case is relatively low, equal or even 
less than the ionization potential. The cathode layer in arc discharges has sev- 
eral self-consistent specific functions. First, a sufficient number density of ions 
should be generated there to provide the necessary cathode heating in the case 
of thermionic emission. Gas temperature near the cathode is the same as the 
cathode surface temperature and a couple of times less than the temperature 
in positive column (see Figure 8.9). For this reason thermal ionization mech- 
anism is unable to provide the necessary degree of ionization, which requires 
the necessity of nonthermal ionization mechanisms (direct electron impact, 
etc.) and hence, in the necessity of elevated electric fields near the cathode (see 
Figure 8.9). The elevated electric field in the cathode vicinity stimulates elec- 
tron emission by a decrease of work function, the Schottky effect, as well as by 
contributions of field emission. However, intense ionization in the vicinity of 
the cathode leads to a high concentration of ions in the layer and in the forma- 
tion of a positive space charge, which actually provides the elevated electric 
field. General distribution of arc parameters, temperature, voltage, and elec- 
tric field along the discharge from cathode to anode is illustrated in Figure 8.9. 
The structure of the cathode layer by itself is illustrated in Figure 8.10. Large 
positive space charge with high electric fields and most of cathode voltage 
drop is located in the very narrow layer near the cathode. This layer is actu- 
ally even shorter than the ions and electrons mean free path, so it is usually 
referred to as the collisionless zone of cathode layer. Between the narrow colli- 
sionless layer and positive column, the longer quasi-neutral zone of cathode 
layer is located. While the electric field in the quasi-neutral layer is not so 
high, the ionization is quite intense there because electrons retain the high 
energy received in the collisionless layer. Most of ions carrying the current 
and energy to the cathode are generated in this quasi-neutral zone of cathode 
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FIGURE 8.9 
Distributions of temperature, potential, and electric field from cathode to anode. 


layer. From Figure 8.10, it is noted that the electron and ion components of the 
total discharge current are constant in the collisionless layer, where there are 
no sources of charge particles. In the following quasi-neutral zone of cathode 
layer, fraction of electron current grows from S ~ 0.70.9 (see Equation 8.3.1) 
to almost unity in the positive column (to ratio of mobilities + /(We + W+)). 
Plasma density ne © n+ in the quasi-neutral zone of cathode layer steadily 
grows in the direction of the positive column because of intense formation of 
electrons and ions. 


8.3.2 Electric Field in Cathode Vicinity 


Consider the collisionless zone of the cathode layer. Electron je and ion j+ 
components of the current density j are fixed in this zone: 


je — Sj = NelVe, j+ = (1 = S)j = nevy. (8.3.2) 


The electron and ion velocities ve and v are functions of voltage V, assum- 
ing V = 0 at the cathode and V = Vc at the end of the collisionless layer (m 
and M are masses of electrons and positive ions): 


Ve = y2e V/m, 04 = V2e(Vc — V)/M. (8.3.3) 
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FIGURE 8.10 
Distribution of charge density, current, and electric field in the cathode layer. 


On the basis of Equations 8.3.2 and 8.3.3, the Poisson’s equation in the 
collisionless layer is 


d*V j 1- 
7 = f (n4 Ne) = J ( S)VM Sym (8.3.4) 
dx? £o eov2e | JVc-V VV 
Assuming 
dV  1dE? 
dx?  2dV’ 


integrate the Poisson’s equation 8.3.4 assuming with a boundary condition 
that at the positive column side electric field is relatively low: E ~ Oat V = Vc. 
This leads to the relation between the electric field near the cathode, current 
density and the cathode voltage drop (which can be represented by Vc): 


ee 
~ egV/2e 


The first term in Equation 8.3.5 is related to the ions contribution in forma- 
tion of positive space charge and enhancement of the electric field near the 


2 
Ec 


[A — S)VM — Svm]y Vc. (8.3.5) 
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cathode. The second term is related to electrons contribution to compensa- 
tion of the ionic space charge. From Equation 8.3.1, the fraction of electron 
current S ~ 0.7-0.9, and the second term in Equation 8.3.5 can be neglected. 
Equation 8.3.5 can be then rewritten as 


Eo, V/cm = 5 x 10°A/41 — S) OV, VG, A/m", (8.3.6) 


where A is the atomic mass of ions in a.m.u. For example, for an arc discharge 
in nitrogen (A = 28) at typical values of current density for hot cathodes j = 
3 x 103 A/cm?, cathode voltage drop Vc = 10 eV and S = 0.8 gives, according 
to Equation 8.3.6, the electric field near cathode: E. = 5.7 x 10°V /cm. This 
electric field also provides a reduction of the cathode work function (Equation 
8.2.6) of about 0.27 eV, which permits the thermionic emission at 3000 K to 
triple in value. Integrating the Poisson’s equation 8.3.4 and neglecting the 
second term related to the effect of electrons on the space charge, permits 
finding an expression for the length of the collisionless zone of the cathode 
layer as 


Al = 4Vc/3Ec. (8.3.7) 


Numerically, for this example, it gives the length of the collisionless layer 
as Al ~ 2 x 107cm. 


8.3.3 Cathode Energy Balance and Electron Current Fraction on Cathode 
(the S-factor) 


The cathode layer characteristics depend on the S-factor, showing the fraction 
of the electron current in the total current on the cathode. Simple numerical 
phenomenological estimation of the S-factor is given by Equation 8.3.1. The 
S-factor depends on a detailed energy balance on the arc discharge cathode. 
Reasonable qualitative estimations can be done assuming that the energy 
flux brought to the cathode surface by ions goes completely to provide elec- 
tron emission from the cathode. Each ion brings to the surface its kinetic 
energy (which is of the order of cathode voltage drop Vc) and also the energy 
released during neutralization (which is equal to difference I — W between the 
ionization potential and work function, necessary to provide an electron for 
the neutralization). This simplified cathode energy flux balance, neglecting 
conductive and radiation heat transfer components can be expressed as 


jeW =j4(Vc +I- W). (8.3.8) 


The balance (Equation 8.3.8) leads to a relation for the S-factor, the fraction 
of electron current on cathode: 


je Ve+tI-W 
S= > F — 
Je +j+ Vetl 


(8.3.9) 
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If W = 4eV,I = 14eV and Vc = 10eV, then according to Equation 8.3.8 the 
fraction of electron current is S = 0.83. More detailed calculations, taking into 
account additional conductive and radiative heat transfer do not essentially 
change the result (Zhukov, 1982). 


8.3.4 Cathode Erosion 


The high-energy flux to the cathode results obviously not only in thermionic 
emission (Equation 8.3.8), but also in erosion of the electrode material. The 
erosion is very sensitive to the presence of oxidizers: even 0.1% of oxygen or 
water vapor makes a significant effect. The erosion effect is usually character- 
ized by the specific erosion, which shows the loss of electrode mass per unit 
charge passed through the arc. The specific erosion of tungsten rod cathodes 
at moderate and high pressures of inert gases and a current of about 100 A 
is about 1077 g/C. The most intense erosion takes place in the hot cathode 
spots. At low pressures of about 1 Torr and less, the cathode spots are formed 
even on refractory materials. For this reason the cathode rods of refractory 
metals are usually used only at high pressures. At low pressures, the hollow 
cathode configuration can be effectively used from this point of view (see 
Section 7.2.7). The arc is anchored to the inner surface of the hollow cath- 
ode tube, where the gas flow rate is sufficiently high. Specific erosion of such 
hollow cathode made from refractory metals can reach the very low level of 
10-°-10-1° g/C (Zhukov, 1982). 


8.3.5 Cathode Spots 


The cathode spots are localized current centers, which can appear on the 
cathode surface when significant current is provided in the discharge, but the 
entire cathode cannot be heated enough to make it. The most typical cause of 
the cathode spots is application of metals with relatively low melting point. 
The cathode spots can also be caused by relatively low levels of the arc cur- 
rent, which are able to provide the necessary electron emission only when 
concentrated to a small area of the cathode spot. The cathode spots appear 
also at low gas pressures even in the case of cathodes made of refractory met- 
als. At low gas pressures (usually less than 1 Torr), metal vapor from cathode 
enables atoms to generate enough positive ions, which bring their energy to 
the cathode to sustain electron emission. To provide the required evapora- 
tion of cathode material, the electric current should be concentrated in the 
cathode spots. At low pressures (less than 1 Torr) and currents 1-10 A, the 
cathode spots appear even on refractory metals (on low-melting point metals 
the cathode spots appear at any pressure and current). Initially the cathode 
spots are formed pretty small (1074-107? cm) and move very fast (103-104 
cm/s). These primary spots are nonthermal, relevant erosion is not signifi- 
cant and probably is related to micro-explosions due to localization of current 


522 Plasma Physics and Engineering 


on tiny protrusions on the cathode surface. After a time interval of about 
1074 sec, the small primary spots merge into larger spots (1073-107? cm). 
These matured cathode spots can have temperatures of 3000 K and greater, 
and provide conditions for intense thermal erosion mechanisms. They also 
move much slower 10-100 cm/s. Typical current through an individual spot 
is 1-300 A. The growth of current leads to splitting of the cathode spots and 
their multiplication in this way. The minimum current through a single spot 
is about Imin © 0.1—1 A. The arc as a whole extinguishes itself at lower cur- 
rents. This critical minimum current though an individual cathode spot for 
nonferromagnetics can be found as 


Imin, A © 2.5 x 1074 Tyoi1 (K), W/mK. (8.3.10) 


In this relation, Toi is the boiling temperature of the cathode material, and 
x is the heat conduction coefficient. The cathode spots are sources of intense 
jets of metal vapor. Emission of 10 electrons corresponds approximately to 
an erosion of one atom. The metal vapor jet velocities can be extremely high: 
10°-10°cm/s, see Lyubimov and Rachovsky (1978) and Lafferty (1980). Some 
of the data are summarized in Table 8.6. The current density in the cath- 
ode spots can reach extremely high levels of 108A /cm°. Such large values of 
electron emission current density can be explained only by thermionic field 
emission (see Section 8.2.4). Contribution into initial high current densities 
in a spot can also be due to the explosive electron emission, related to local- 
ization of strong electric fields and following explosion of micro-protrusions 
on the cathode surface. This phenomenon, which plays a key role in pulse- 
breakdown of vacuum gaps, can influence the early stages of the cathode 
spot evolution (Korolev and Mesiatz, 1982). Although extensive experimen- 
tal and theoretical research has been made (Lyubimov and Rachovsky, 1978; 
Lafferty, 1980), several problems related to the cathode spot phenomenon 
are not completely solved. Some of them seem like paradoxes. For example, 
the current-voltage characteristics of vacuum arcs (where the cathode spots 
are usually observed) does not decrease, as is traditional for arcs, but rather 
increases. Further there is no complete explanation even of a mechanism for 


TABLE 8.6 

Typical Characteristics of Cathode Spots 

Cathode Material Cu Hg Fe Ww Ag Zn 
Minimum current through a spot (A) 1.6 0.07 1.5 1.6 1.2 0.3 
Average current through a spot (A) 100 1 80 200 80 10 
Current density (A/cm?) 10*/108 104/106 107 104/100 — 3x 4104 
Cathode voltage drop (V) 18 9 18 20 14 10 
Specific erosion at 100-200A (g/C) 1074 = = 1074 1074 = 


Vapor jet velocity (10°cm/s) 15 1 0.9 3 0.9 0.4 


Arc Discharges 523 


the cathode spot motion and splitting. The most intriguing cathode spot para- 
dox is related to the direction of its motion in external magnetic field. If the 
external magnetic field is applied along a cathode surface, the cathode spots 
move in the direction opposite to that corresponding to the magnetic force 
I x H. Although quite a few hypothesis and models were proposed on the 
subject, a consistent explanation of the paradox is still absent. 


8.3.6 External Cathode Heating 


If a cathode is externally heated, it is not necessary to provide its heating by 
ion current. In this case, the main function of a cathode layer is acceleration 
of thermal electrons to energies sufficient for ionization and sustaining the 
necessary level of plasma density. Losses of charged particles in such thermal 
plasma systems cannot be significant, which results in low values of cath- 
ode voltage drop. The cathode voltage drop in such systems is often lower 
than ionization (and even electronic excitation). If discharge chamber is filled 
with low pressure (about 1 Torr) inert gas, voltage to sustain the positive col- 
umn is also low; about 1 V. The anode voltage drop is also not large. The arc 
discharges with low total voltage of about 7-8 V is usually referred to as the 
low-voltage arc. For example, such low values of voltage are sufficient for the 
non-self-sustained arc discharge in spherical chamber with a radius 5 cm in 
argon at 1-3 Torr pressure and currents 1-2 A. Such kinds of low-pressure gas 
discharges are used in particular in diodes and thyratrones. 


8.3.7 Anode Layer 


Similar to the case of the cathode, the arc can connect to the anode in two 
different ways, by the diffuse connection or by the anode spots. The diffuse 
connection usually occurs on large area anodes; current density in this case is 
about 100 A/cm?. The anode spots usually appear on relatively small and non- 
homogeneous anodes, the current density in the spot is about 104—10° A /cm?. 
The number of spots grows with total current and pressure. Sometimes the 
anode spots are arranged in regular patterns and move along regular trajecto- 
ries. The anode voltage drop consists of two components. The first is related 
to negative space charge near the anode surface, which obviously repels ions. 
This small voltage drop (of about the ionization potential and less at low cur- 
rents) stimulates some additional electron generation to compensate for the 
absence of ion current in the region. The second component of the anode volt- 
age drop is related to the arc discharge geometry. If the anode surface area is 
smaller than the positive column cross section or the arc channel is contracted 
on the anode surface, electric current near the electrode should be provided 
only by electrons. This requires higher values of electric fields near the elec- 
trode and additional anode voltage drop, sometimes exceeding the space 
charge voltage by a factor of two. Each electron brings to the anode energy of 
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about 10 eV, which consists of the kinetic energy obtained in the pre-electrode 
region and the work function. Hence, the energy flux in an anode spot at cur- 
rent density 104-10° A/cm? is about 10°-10° W /cm?°. Temperatures in anode 
spots of vacuum metal arcs are about 3000 K and in carbon arcs about 4000 K. 


E 
8.4 Positive Column of Arc Discharges 
8.4.1 General Features of Positive Column of High Pressure Arcs 


The Joule heat released per unit length of positive column in the high-pressure 
arcs is quite significant, usually 0.2-0.5kW/cm. This heat release can be 
balanced in three different ways defining three different manner of arc stabi- 
lization. If the Joule heat is balanced by heat transfer to the cooled walls, the 
arc is referred to as wall stabilized. If it is balanced by intense (often rotating) 
gas flow, the arc is referred to as flow stabilized. Finally, if the heat transfer to 
electrodes balances Joule heat in the short positive columns, the arc is referred 
to as electrode stabilized. The arc discharge plasma of molecular gases at high 
pressures (p > 1 atm) is always in quasi-equilibrium at any values of current. 
In the case of inert gases, the electron-neutral energy exchange is less effective 
and requires relatively high values of current and electron density to reach 
quasi-equilibrium at atmospheric pressure (Granovsky, 1971, see Figure 8.11). 
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FIGURE 8.11 

Temperature separation in the positive arc column in argon, or Ar with an admixture of Hz at 
p = 1 atm asa function of the current density or electron density. Te is the electron temperature, 
Tw corresponds to the population of the upper levels, the ion temperature Tj is related to ne by 
the Saha formula, Tg is the gas temperature, and Tg corresponds to the population of the lower 
levels. 
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Temperatures and electron concentrations reach their maximum on the axis 
of the positive column and decrease toward the walls; the electron density 
obviously decays exponentially faster than temperature. Also, the tempera- 
ture of electrons and neutrals can differ considerably in arc discharges at low 
pressures (p <0.1 Torr) and currents (I ~ 1 A). Typical current-voltage charac- 
teristics of arc discharges are illustrated in Figure 8.12 for different pressures 
(Granovsky, 1971). The electric field E is constant along the positive column, 
so it actually describes the voltage. The current-voltage characteristics are 
hyperbolic, which indicates that Joule heat per unit length w = EI does not 
significantly change with current I, but grows with pressure, which is related 
to intensification of heat transfer mostly due to the radiation contribution of 
the high-density plasma. The contribution of radiation increases somewhat 
proportionally to the square of the plasma density, and hence grows with 
pressure. The arc radiation losses in atmospheric air are only about 1%, but 
become quite significant at pressures higher than 10 atm and high arc power. 
The highest level of radiation can be reached in Hg, Xe, and Kr. This effect is 
applied practically in mercury and xenon lamps. Convenient empirical for- 
mulas for calculating plasma radiation in different gases (Granovsky, 1971) 
are presented in Table 8.7, where it is seen that the percentage of arc power 
conversion into radiation is very high in mercury and xenon even at relatively 
low values of the Joule heat per unit length. 


8.4.2 Thermal Ionization in Arc Discharges, the Elenbaas—Heller Equation 


Quasi-equilibrium plasma of arc discharges at high pressures and high 
currents have a wide range of applications (see, e.g., Polak et al., 1975; 
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FIGURE 8.12 
V—i characteristics of positive arc columns in air at various pressures. 
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TABLE 8.7 


Radiation Power Per Unit Length of Positive Column of Arc Discharges 
at Different Pressures and Different Values of Joule Heat Per Unit Length, 
w = EI, W/cm 


Gas Pressure (atm) Radiation Power per Unit Length (W/cm) w = EI(W/cm) 


Hg >1 0.72 x (w — 10) _ 
Xe 12 0.88 x (w — 24) >35 
Kr 12 0.72 x (w — 42) >70 
Ar 1 0.52 x (w — 95) >150 


Pfender, 1978). In contrast to nonthermal plasmas, which are sensitive to 
the details of the discharge kinetics (see Chapters 4 and 5), characteristics 
of the quasi-equilibrium plasma (density of charged particles, electric and 
thermal conductivity, viscosity, etc.) are determined only by its tempera- 
ture and pressure. This makes the quasi-equilibrium thermal plasma systems 
much easier to describe. Gas pressure is fixed by experimental conditions; so 
actually description of the arc positive column requires only description of 
temperature distribution. Such distribution can be found in particular from 
the Elenbaas—Heller equation, which is derived considering a long, cylindri- 
cal, steady-state plasma column stabilized by the walls in a tube of radius 
R. In the framework of the Elenbaas—Heller approach—pressure and cur- 
rent not too high and plasma temperature not exceeding 1 eV. Radiation can 
be neglected in this case and heat transfer across the positive column can 
be reduced just to heat conduction with the coefficient X(T). According to 
Maxwell equation curl E = 0. For this reason, the electric field in a long homo- 
geneous arc column is constant across its cross section. Radial distributions 
of electrical conductivity o(T) (see Section 4.3.2), current density j = o(T) E, 
and Joule heating density w = jE = o(T)E? are determined only by the radial 
temperature distribution T(r). Then plasma energy balance can be expressed 
by the heat conduction equation with the Joule heat source: 


pa urs +o(T)E* =0. (8.4.1) 
r dr dr 


This equation is known as the Elenbaas—Heller equation. The boundary 
conditions for the Elenbaas—Heller equation are dT/dr = 0 atr = 0, and T = 
Tw atr = R (the wall temperature Tw can be considered as zero assuming that 
the plasma temperature is much higher). The electric field E is a parameter of 


Equation 8.4.1, but the experimentally controlled parameter is not the electric 
field but rather the current, whichis related to electric field and temperature as 


R 
I=E | o[T (r)]2amr dr. (8.4.2) 
0 
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Taking into account Equation 8.4.2, the Elenbaas—Heller equation permits 
calculating the function E(I), which is the current-voltage characteristic 
of plasma column. In this case, electrical conductivity o(T) and thermal 
conductivity A(T) remain as two material functions that determine the 
current-voltage characteristics. To reduce the number of material functions 
to only one, it is convenient to introduce the heat flux potential O(T) as an 
independent parameter instead of temperature 


MDAT, AD = TO. (8.4.3) 


T 
7 | dT d 
0 
Using the heat flux potential, the Elenbaas—Heller formula (Equation 8.4.1) 
can be rewritten as 


“srg do 


ae 2i T. 
e EO 0. (8.4.4) 


The Elenbaas—Heller equation includes only the material function o(@). The 
temperature dependence ©(T) determined by Equation 8.4.3 is smoother with 
respect to the temperature dependence of X(T) (see Figure 8.13, Penski, 1968), 
which makes the material function (©) also smooth enough. The Elenbaas- 
Heller formula (Equation 8.4.2) was derived above for electric arcs stabilized 
by walls. Nevertheless, it has wider applications including the important 
case of arcs stabilized by gas flow (see Section 8.4.1) because the temperature 
distribution in vicinity of the discharge axis is not very sensitive to external 
conditions. 


8.4.3 Steenbeck “Channel” Model of Positive Column of Arc Discharges 


The Elenbaas—Heller Equation 8.4.4 cannot be solved analytically because 
of the complicated nonlinearity of the material function o(@) (see Dresvin, 
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FIGURE 8.13 
Thermal conductivity à and heat flux potential 6 in air at 1 atm. 
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1977). Qualitative and quantitative description of the positive column can be 
achieved by applying the Elenbaas—Heller equation in the analytical chan- 
nel model proposed by Steenbeck. The Steenbeck approach, illustrated in 
Figure 8.14, is based on the very strong exponential dependence of electri- 
cal conductivity on the plasma temperature related to the Saha equation (see 
Sections 4.1.3 and 4.3.2 and Equations 4.1.15 and 4.3.8). At relatively low 
temperatures (less than 3000 K), the quasi-equilibrium plasma conductivity 
is small. The electrical conductivity grows significantly when the tempera- 
ture exceeds 4000-6000 K. From Figure 8.14, the radical temperature decrease 
T(r) from the discharge axis to the walls is quite gradual, while the electrical 
conductivity change with radius o[T(r)] is very sharp. This leads to the con- 
clusion that the arc current is located only in a channel of radius ro, which 
is the principal physical basis of the Steenbeck channel model. The temper- 
ature and electrical conductivity can be considered as constant inside the 
arc channel, and assumed equal to their maximum value on the discharge 
axis: Tg and o(Tm). In this case, the total electric current of the arc can be 
expressed as 


I = Eo(Tm) 173. (8.4.5) 


Outside of the arc channel r > rọ, the electrical conductivity, the current 
and the Joule heat release can be neglected. The Elenbaas—Heller equation can 
be integrated outside of the arc channel with boundary conditions: T = Tm 
at r = rọ, and T = 0 by the walls at r = R. The integration leads us to the 
relation between the heat flux potential ©m (Tm) in the arc channel, related to 
the plasma temperature in the positive column, and the discharge power (the 


FIGURE 8.14 
Illustration of the Steenbeck channel model. 
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Joule heating) per unit arc length w = EI 


w, R 


The heat flux potential ©m(Tm) in the arc channel and the discharge power 
per unit arc length w = EI are defined in Equation 8.4.6 as 


Tm 
2 
=> ~ On (Tm) = (T) dT. 8.4.7 
r Onn) | T) (8.4.7) 


The channel model of an arc includes three discharge parameters, which 
are assumed determined: plasma temperature Tm, arc channel radius rọ, 
and electric field E. The electric current I and discharge tube radius R are 
experimentally controlled parameters. To find the three unknown discharge 
parameters Tm, ro, and E, the Steenbeck channel model has only two Equa- 
tions 8.4.5 and 8.4.6. Steenbeck suggested the principle of minimum power 
to provide a lacking third equation to complete the system. According to 
the Steenbeck principle of minimum power, the plasma temperature Tm 
and the arc channel radius rọ should minimize the specific discharge power 
w and the electric field E = w/I at fixed values of current I and discharge tube 
radius R. Application of the minimization requirement (dw/dro)ī=const = 0 to 
the functional Equations 8.4.5 and 8.4.6 gives the necessary third equation of 
the Steenbeck channel model: 


($) p AnAm(Tm) Om (Tm) 
dT) pot, w l 


(8.4.8) 


Arc discharge modeling, based on the system of Equations 8.4.5, 8.4.6, and 
8.4.8, gives excellent agreement with experimental data (see, e.g., Finkelburg 
and Maecker, 1956). However, the validity of the minimum power princi- 
ple requires a nonequilibrium thermodynamic proof. For the case of the arc 
discharge, the principle was proved (Rozovsky, 1972). 


8.4.4 Raizer “Channel” Model of Positive Column 


In 1972, Raizer showed that the channel model does not necessarily require 
the minimum power principle to justify and complete the system of Equa- 
tions 8.4.5, 8.4.6, and 8.4.8. The “third” Equation 8.4.8 can be derived by 
analysis of the conduction heat flux Jo from the arc channel: w = Jo2xro. This 
flux is provided by the actual temperature difference AT = Tm — To across 
the arc channel (see Figure 8.14) and can be estimated as 


Tm — To 
roo ` 


AT 
Jo x hm (Tm) 5 = dm (Tm) (8.4.9) 
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Equation 8.4.9 can be replaced by a more accurate relation integrating 
the Elenbaas—Heller equation 8.4.4 inside of arc channel 0 < r < ro and still 
assuming homogeneity of the Joule heating oE? 


4nA@ =WATkmAT, AO = On — O0. (8.4.10) 


The key point of Raizer modification of the channel model is the definition of 
an arc channel as a region where the electrical conductivity decreases not more 
than “e” times with respect to the maximum value at the axis of the discharge. 
This definition permits specifying the arc channel radius rọ and gives the 
“third” Equation 8.4.8 of the channel model. The electrical conductivity of 
the quasi-equilibrium plasma in the arc channel can be expressed from the 
Saha equation 4.1.15 and Equation 4.3.8 as the function of temperature: 


o(T) = C exp Ea , (8.4.11) 


where I; is the ionization potential of gas in the arc and C is the conductivity 
parameter that is approximately constant. To be accurate it should be noted 
that Equation 8.4.11 is valid at moderate currents and temperatures, when 
the degree of ionization is not too high and electron-atomic collisions dom- 
inate the collisional frequency in Equation 4.3.8. However, Equation 8.4.11 
can be applied even at high temperatures and currents, by only replacing the 
ionization potential by the effective potential. For example, electrical conduc- 
tivity in air, nitrogen and argon at atmospheric pressure and temperatures 
T = 8000/14,000 K can be expressed by the same numerical formula 


o(T), ohm~!cm7! = 83 exp (- =n) l 


4.12 
TK (8.4.12) 


which corresponds to the effective ionization potential Ig ~ 6.2eV. Taking 
the electrical conductivity of the arc discharge channel in the form of Equa- 
tion 8.4.13 and assuming I/2T > 1, the “e” times decrease of conductivity 
corresponds to the following small temperature decrease 


DA 
l ` 


AT STe Tos (8.4.13) 


Combination of Equations 8.4.10 and 8.4.13 gives the “third” equation of 
the arc channel model 
T2 
w = 81m (Tm) 75. (8.4.14) 
i 


The third equation of the Raizer channel model (Equation 8.4.14) completely 
coincides with that of the Steenbeck model Equation 8.4.8, which was based 
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on the principle of minimum power. In this case, the electrical conductivity 
in the Steenbeck equation 8.4.8 obviously should be taken in from Equa- 
tion 8.4.11. 


8.4.5 Plasma Temperature, Specific Power and Electric Field in Positive 
Column According to the Channel Model 


Equation 8.4.14 determines temperature in the arc channel as a function 
of power w per unit length (with ionization potential I; and the thermal 
conductivity coefficient +m as parameters) 


ee 
= ; .4.1 
Tm ie (8.4.15) 


Plasma temperature does not depend directly on discharge tube radius and 
mechanisms of the discharge cooling outside of the arc channel. It depends 
only on the specific power w, which in turn depends on the intensity of the 
arc cooling. Dependence of plasma temperature Tm on the specific power is 
not very strong, less than yw because the heat conductivity X(T) grows with 
T (see Figure 8.13). The principal controlled parameter of an arc discharge 
is the electric current, which can vary easily by changing external resistance 
(see Equation 7.1.1). Express the parameters of the arc channel as functions 
of current. Assuming for simplicity } = const, © = XT in Equations 8.4.6, 
8.4.11, and 8.4.14, the conductivity in the arc channel is almost proportional 


to electric current 
C 
=i e; 8.4.16 
Om = Y BTR mT Pa 


Obviously plasma temperature in the arc grows with current I, but only as 
logarithm 


I; 
~ M(8n2AmCTZ/I) — 21n (I/R) 


(8.4.17) 


Tm 


The fact of near constant thermal arc temperature reflects the strong expo- 
nential dependence of the degree of ionization on the temperature. The weak 
logarithmic growth of temperature in the channel with electric current leads 
(according to Equation 8.4.14) to similar weak logarithmic dependence on the 
electric current of the arc discharge power w per unit length 


const 


er 8.4.18 
. (const — ln I)2 ( ) 


Experimental data demonstrating the relatively weak dependence of the 
arc discharge power w per unit length on arc conditions are presented in 
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W, kW/cm 


10,000 20,000 T,K 


FIGURE 8.15 
Dissipated power per unit length versus maximum temperature for different types of discharges. 
Solid lines—numerical calculation. 


Figure 8.15. This important effect will be also discussed later in this chapter 
regarding evolution of the gliding arcs. The logarithmic constancy of the arc 
power w = EI per unit length results in the hyperbolic decrease of electric 
field with current I 


E- BnAmTA 1 as const 
a L I I(const -ln I)? 


(8.4.19) 


This relation explains the hyperbolic decrease of current-voltage charac- 
teristics typical for thermal arc discharges. The radius of the arc discharge 
channel may be found in the framework of this model as 


Om I Jj 
=R/®Œ =R |44 l 8.4.20 
a € RY 8n2\mT2,C St 


From Equation 8.4.20, the arc channel radius grows as the square root of 
the discharge current I. This can be interpreted as I « te which means that 
the increase of current mostly leads to growth of the arc channel cross sec- 
tion, while the current density is logarithmically fixed in the same manner 
as plasma temperature. All the relations include current in combination with 
the discharge tube radius R (the similarity parameter I/R). This is due to the 
initial assumption of “wall stabilization arc” in the Elenbaas—Heller equation. 
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To generalize the results to the case of gas flow stabilized arcs the radius R 
should be replaced by an effective value describing actual mechanism of the 
arc cooling. Intense cooling in fast gas flows corresponds to small values of 
the effective radius, which according to Equations 8.4.17 and 8.4.14 leads to 
an increase of plasma temperature. 


8.4.6 Possible Difference between Electron and Gas Temperatures 
in Thermal Discharges 


Plasma in the channel model was taken in quasi-equilibrium, which corre- 
sponds to high pressures and high currents (see Section 8.4.1). However, at 
lower pressures and lower currents (when the electric field E is higher, see 
Equation 8.4.19), the electron temperature Te can exceed gas temperature 
T (see Figure 8.11). This effect can be described by the simplified balance 
equation for electron temperature (see Section 4.2.7): 


STs. = 


Ta oe n| Ven, (8.4.21) 


2 
MVen 


where ven is the frequency of electron—-neutral collisions, and the factor 8 
characterizes the fraction of an electron energy transferred to neutrals during 
collisions (è = 2m/M in monatomic gases, and higher in molecular gases, 
see Equation 4.2.39). The balance equation 8.4.21 shows that electrons receive 
energy from the electric field and transfer it to neutrals if Te > T. If the 
temperature difference Te — T is not large, the excited neutrals are able to 
transfer energy back to electrons in super-elastic collisions. Equation 8.4.21 
gives quasi-equilibrium Te = T in the steady state and absence of electric field 
E =Q. In steady-state conditions with electric field E, the balance equation 
(Equation 8.4.21) gives the difference between temperatures 


Te=T  _2e*E? 
T 38Temve, 


(8.4.22) 


Assume monatomic gas (8 = 2m/M), and replace the electron-neutral fre- 
quency Ven by the electron mean free path i = ve/Ven(v is the average electron 
velocity). Then rewrite Equation 8.4.22 for the difference between electron and 
gas temperatures in the numerical way 


TAT 


e 


(8.4.23) 


2 
SITA Ea 


Te(eV) 
Here A is the atomic mass of the monatomic gas in the discharge. If 


some amount of molecules is present in the discharge, the coefficient in 
Equation 8.4.23 is less than 200 and the degree of nonequilibrium is lower. 
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Equation 8.4.23 explains the essential temperature difference at low pressures 
when the mean free path is high, and at low currents when electric field is 
elevated (see Figure 8.11). The electric fields necessary to sustain the thermal 
arc are always lower than those to sustain nonequilibrium discharges. Electric 
fields in thermal discharges provide the necessary Joule heating, while elec- 
tric fields in nonthermal discharges are “directly” responsible for ionization 
by electron impact. 


8.4.7 Dynamic Effects in Electric Arcs 


High arc currents can induce relatively high magnetic fields and hence, 
discharge compression effects in the magnetic field (see pinch effect in Sec- 
tion 6.2.4). The body forces acting on axisymmetric arcs are illustrated in 
Figure 8.16. Assuming that the current density j in the arc channel is constant, 
the azimuthal magnetic field Bg inside of arc can be expressed as 


1 
Bo(r) = zro r, <1. (8.4.24) 


This magnetic field results in a radial body force (per unit volume) directed 
inward and tending to pinch the arc (see Figure 8.16). The magnetic force can 
be found as a function of distance “r” from the axis 


ee 1 
F=jxB, Fr) = —shojr. (8.4.25) 


Acylindrical arc channel, where plasma pressure p is balanced by the inward 
radial magnetic body force (Equation 8.4.25), is called the Bennet pinch. This 
balance can be expressed as 


(8.4.26) 


FIGURE 8.16 
Radial body forces on a cylindrical arc channel. 
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Together with Equation 8.4.24 for the azimuthal magnetic field Bg, this leads 
to the relation for pressure distribution inside of the Bennet pinch of radius ro 


1, 
pir) = guoj’ trg- r°). (8.4.27) 


The corresponding maximum pressure (on axis of the arc channel) can be 
rewritten in terms of total current I = j nr as 


1 22_ hol? 
=- = . 8.4.28 
Pa gH ro 4r272 ( ) 


According to Equation 8.4.28, it is necessary to have a very high arc current, 
almost 10,000 A to provide an axial pressure of 1 atm in a channel with radius 
ro = 0.5 cm. Currents in most arc discharges are much less than those of the 
Bennet pinch (defined by Equation 8.4.28), so the arc is stabilized primarily 
not by magnetic body forces, but by other factors. 


8.4.8 Bennet Pinch Effect and Electrode Jet Formation 


Although the Bennet pinch effect pressure is usually small with respect to 
total pressure, it can initiate electrode jets—intense gas streams—which flow 
away from electrodes. The physical nature of the electrode jet formation is 
illustrated in Figure 8.17. Additional gas pressure related to the Bennet pinch 
effect (Equation 8.4.28) is inversely proportional to the square of the arc radius. 
Also, the radius of arc channel attachment to electrode (ro = b) is less than the 
one corresponding to the positive column (rọ = a, see Section 8.3 and Figure 
8.17). This results in the development of an axial pressure gradient, which 
drives neutral gas along the arc axis away from electrodes 


wale /1 1 
Ap = pp — Pa = ro (7 z) (8.4.29) 
Assuming that b «x a, the jet dynamic pressure and the jet velocity can be 
found from 
PS wol? 1 > 


pr om 5 Pjev (8.4.30) 


where is the plasma density. The electrode jet velocity can then be expressed 
as a function of arc current and radius of arc attachment to the electrode: 


I fuo 


The electrode jet velocity is given by Vje = 3—300 m/s, see Tonks and 
Langmuir (1929), Bennet (1934), Gross et al. (1969), and Hirsh and Oscam 
(1978). 
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FIGURE 8.17 
Illustration of the electrode jet formation. 


ee 
8.5 Different Configurations of Arc Discharges 
8.5.1 Free-Burning Linear Arcs 


These axisymmetric arcs between two electrodes can be arranged in both hor- 
izontal and vertical configurations (see Figure 8.18). Sir Humphrey Davy first 
observed such a horizontal arc in the beginning of 19th century. Buoyancy of 
hot gases in the horizontal free-burning linear arc leads to bowing up or “arc- 
ing” of the plasma channel, which explains the origin of the name “arc.” If the 
free-burning arc has vertical configuration, the cathode is usually placed at the 
top of the discharge (see Figure 8.18b). In this case, buoyancy provides more 
intense heating of cathode, which sustains more effective thermionic emission 
from the electrode. The length of free-burning linear arcs typically exceeds 
their diameter. Sometimes, however, the arcs are shorter than their diameter 
(see Figure 8.19) and the “arc channel” actually does not exist. Such discharges 
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FIGURE 8.18 
Illustration of (a) horizontal and (b) vertical free-burning arc. 
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FIGURE 8.19 
Illustration of the obstructed electrode-stabilized arc. 


are referred to as the obstructed arcs. The distance between electrodes in such 
discharges is typically about 1mm, the voltage between electrodes never- 
theless exceeds anode and cathode drops. The obstructed arcs are usually 
electrode-stabilized. 


8.5.2 Wall-Stabilized Linear Arcs 


This type of arcs is most widely used for gas heating (see Sections 8.4.1 and 
8.4.2). A simple configuration of the wall-stabilized arc with a unitary anode 
is presented in Figure 8.20. The cathode is axial in this configuration of linear 
arc discharges and the unitary anode is hollow and coaxial. In this discharge, 
the arc channel is axisymmetric and stable with respect to asymmetric per- 
turbations. If the arc channel is asymmetrically perturbed and approaches 
a coaxial anode, it leads to intensification of the discharge cooling and to a 
temperature increase on the axis. The increase of temperature results in dis- 
placement of the arc channel back on the axis of the discharge tube, which 
stabilizes the linear arc. The anode of the high power arcs can be water- 
cooled (see Figure 8.20). This arc discharge can attach to the anode at any 
point along the axis, which makes the discharge system not regular and less 
effective for several applications. Although the coaxial gas flow is able to 
push the arc-to-anode attachment point to the far end of the anode cylinder, 
the better-defined discharge arrangement can be achieved in the so-called 
segmented wall-stabilized arc configuration. The wall-stabilized linear arc, 
organized with the segmented anode, is illustrated in Figure 8.21. The anode 
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FIGURE 8.20 


Illustration of the wall-stabilized arc. 
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Anode segments 


FIGURE 8.21 
Wall-stabilized arc with segmented anode. 


walls are usually water-cooled and electrically segmented and isolated. Such 
a configuration provides a linear decrease of axial voltage, and forces the arc 
attachment to the wider anode segment, the furthest one from the cathode 
(see Figure 8.21). The length of the other segments is made sufficiently small 
to avoid breakdown between them. 


8.5.3 Transferred Arcs 


The linear transferred arcs with water-cooled nonconsumable cathodes are 
illustrated in Figure 8.22. Generation of electrons on the inner walls of the 
hollow cathodes is provided by field emission, which permits operating the 
transferred arcs at multi-megawatt power over thousands of hours. The elec- 
tric circuit in the discharge is completed by transferring the arc to an external 
anode. In this case, the external anode is actually a conducting material where 
the high arc discharge energy is supposed to be applied. The arc “transfer- 
ring” to an external anode gave the name to this arc configuration, which 
is quite effective in metal melting and refining industry. The arc root in the 
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FIGURE 8.22 
Illustration of the transferred arc configuration. 
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FIGURE 8.23 
Illustration of the transpiration-stabilized arc. 


transferred arcs is also able to move over the cathode surface, which increases 
the lifetime of the cathode. 


8.5.4 Flow-Stabilized Linear Arcs 


The arc channel can be stabilized on the axis of discharge chamber by radi- 
ally inward injection of cooling water or gas. Such a configuration, illustrated 
in Figure 8.23, is usually referred to as the transpiration-stabilized arc. This 
discharge system is similar to the segmented wall-stabilized arc (see Section 
8.5.2), but the transpiration of a cooling fluid through annular slots between 
segments make the lifetime of the interior segments longer. Another linear 
arc configuration providing high power discharge is the so-called coaxial 
flow stabilized arç, illustrated in Figure 8.24. In this case, the anode is located 
too far from the main part of the plasma channel and cannot provide wall 
stabilization. Instead of a wall, the arc channel is stabilized by a coaxial gas 
flow moving along the outer surface of the arc. Such stabilization is effective 
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FIGURE 8.24 
Illustration of the coaxial flow stabilized arc. 
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FIGURE 8.25 
Illustration of vortex-stabilized arcs. 


without heating of the discharge chamber walls, if the coaxial flow is laminar. 
Similar arc stabilization can be achieved using a flow rotating fast around the 
arc column. Different configurations of the vortex-stabilized arcs are shown 
in Figure 8.25a and b. The arc channel is stabilized in this case by a vortex gas 
flow, which is introduced from a special tangential injector. The vortex gas 
flow cools the edges of the arc, and maintains the arc column confined to the 
axis of the discharge chamber. The vortex flow is very effective in promot- 
ing the heat flux from the thermal arc column to the walls of the discharge 
chamber. 


8.5.5 Nontransferred Arcs, Plasma Torches 


A nonlinear nontransferred wall-stabilized arc is shown in Figure 8.26. This 
discharge system consists of a cylindrical hollow cathode and coaxial hollow 
anode located in a water-cooled chamber and separated by an insulator. Gas 
flow blows the arc column out of the anode opening to heat material that is 
supposed to be treated. In contrast to the transferred arcs, the treated material 
is not supposed to operate as an anode. This explains the name “nontrans- 
ferred” given to these arcs. Magnetic I x B forces in these discharge systems 
cause the arc roots to rotate around electrodes (see Figure 8.26). This magnetic 
effect provides longer lifetime of the cathodes and anodes with respect to 
more traditional incandescent electrodes. In this case, generation of electrons 
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FIGURE 8.26 
Illustration of the nontransferred arc. 


on the cathode is provided completely by field emission. An axisymmetric 
version of the nontransferred arc is illustrated in Figure 8.27. This discharge 
configuration is usually referred to as the plasma torch or the arc jet. The arc 
is generated in a conical gap in the anode, and is pushed out of this opening 
by the gas flow. The heated gas flow forms a very high temperature arc jet 
sometimes at supersonic velocities. 


8.5.6 Magnetically Stabilized Rotating Arcs 


Such configurations of arc discharges are illustrated in Figure 8.28a and b. 
The external axial magnetic field provides I x B forces, which cause very 
fast rotation of the arc discharge and protect the anode from intense local 
overheating. Figure 8.28a shows the case of additional magnetic stabilization 
of a wall-stabilized arc (see Section 8.5.2). Figure 8.28b presents a practical and 
very important configuration of the magnetically stabilized plasma torch. The 
effect of magnetic stabilization is an essential supplement to wall or gas flow 
stabilization. 
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FIGURE 8.27 
Illustration of the plasma torch. 
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FIGURE 8.28 
Illustration of the magnetically stabilized arcs. 


8.6 Gliding Arc Discharge 
8.6.1 General Features of the Gliding Arc 


The gliding arc discharge is an auto-oscillating periodic phenomenon devel- 
oping between at least two diverging electrodes submerged in a laminar or 
turbulent gas flow. A picture and an illustration of a gliding arc are shown in 
Figure 8.29a and b. Self-initiated in the upstream narrowest gap, the discharge 
forms the plasma column connecting the electrodes. This column is further 
dragged by the gas flow toward the diverging downstream section. The 
discharge length grows with the increase of inter-electrode distance until it 
reaches a critical value, usually determined by the power supply limits. After 
this point the discharge extinguishes itself, but momentarily reignites itself 
at the minimum distance between the electrodes and a new cycle starts. The 
time-space evolution of the gliding arc is illustrated by a series of snap-shots 


(a) (b) 


Gas output 


Non-equilibrium 
state 


Equilibrium 
state 


Electrode Electrode 


Breakdown 


FIGURE 8.29 
(a) Illustration and (b) picture of gliding arc discharge. 
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FIGURE 8.30 
University of Illinois at Chicago’s (UIC) gliding arc evolution shown with 20 ms separation 
between snapshots at flow rate 110 SLM. 


presented in Figure 8.30. Plasma generated by the gliding arc has thermal or 
nonthermal properties depending on the system parameters such as power 
input and flow rate. Along with completely thermal and completely nonther- 
mal modes of the discharge, it is possible to define the transition regimes 
of the gliding arc. In this most interesting regime, the discharge starts as a 
thermal, but during the space and time evolution becomes a nonthermal one. 
The powerful and energy-efficient transition discharge combines the bene- 
fits of both equilibrium and nonequilibrium discharges in a single structure. 
They can provide plasma conditions typical for nonequilibrium cold plasmas, 
but at elevated power levels. Two very different kinds of plasmas are used 
for chemical applications. Thermal plasma generators have been designed 
for many diverse industrial applications covering a wide range of operat- 
ing power levels from less than 1kW to over 50 MW. However, in spite of 
providing sufficient power levels, these appear not to be well adapted to 
the purposes of plasma chemistry, where selective treatment of reactants 
(through the excitation of molecular vibrations or electron excitation) and 
high efficiency are required. An alternative approach for plasma-chemical gas 
processing is the nonthermal one. The glow discharge in a low-pressure gas 
seems to be a simple and inexpensive way to achieve the nonthermal plasma 
conditions. Indeed, the cold nonequilibrium plasmas offer good selectivity 
and energy efficiency of chemical processes, but they are generally limited to 
low pressures and powers. In these two general types of plasma discharges 
it is impossible to simultaneously maintain a high level of nonequilibrium, 
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high electron temperature and high electron density, whereas the most per- 
spective plasma chemical applications require high power for high reactor 
productivity and high degree of nonequilibrium to support selective chemi- 
cal process at the same time. However, this can be achieved in the transition 
regime of the gliding arc, which for this reason attracts interest to this type 
of nonequilibrium plasma generators. Gliding arcs operate at atmospheric 
pressure or higher pressures; the dissipated power at nonequilibrium condi- 
tions can reach up to 40 kW per electrode pair. The gliding arc configuration 
is actually well known for more than 100 years. In the form of the Jacob’s 
ladder, it is often used in different science exhibitions. The gliding arc was 
first used in chemical applications in the beginning of the 1900s for the pur- 
pose of production of nitrogen-based fertilizers (Naville and Guye, 1904). An 
important recent contribution to development of fundamental and applied 
aspects of the gliding arc discharge was made by Czernichowski and his col- 
leagues (Lesueur et al., 1990; Czernichowski, 1994). Nonequilibrium nature 
of the transition regime of the gliding arc was first reported by Fridman et al. 
(1994) and Rusanov et al. (1993). 


8.6.2 Physical Phenomenon of the Gliding Arc 


Consider a simple case of a direct current gliding arc in air, driven by two 
generators. A typical electrical scheme of the circuit is shown in Figure 8.31. 
One generator is a high voltage (up to 5000 V) used to ignite the discharge and 
the second one is a power generator (with the voltage up to 1 kV, and a total 
current I up to 60 A). A variable resistor R = 0—25 Q is in series with a self- 
inductance L = 25 mH. More advanced schemes such as an AC gliding arc, 
three-phase gliding arc, and the arc with several parallel or serial electrodes, 
and so on could be also configured. 


0<R<250 


FIGURE 8.31 
Typical gliding arc discharge electrical scheme. 
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FIGURE 8.32 
Phases of gliding arc evolution. (A) Reagent gas breakdown. (B) Equilibrium heating phase. 
(C) Nonequilibrium reaction phase. 


An initial breakdown of the gas begins the cycle of the gliding arc evolution. 
The discharge starts at the shortest distance (1-2 mm) between two electrodes 
(see Figure 8.32). The high voltage generator provides the necessary electric 
field to break down the air between the electrodes. For atmospheric pressure 
air and a distance between electrodes of about 1 mm the breakdown voltage 
Vp is approximately 3 kV. The characteristic time of the arc formation ti can 
be estimated from the kinetic equation 


dn n 
Te = hnn =“, (8.6.1) 


where k; is the ionization rate coefficient; ne and ng are the electron and gas 
concentrations. The estimation for 1; in clean air and total arc electrical current 
J = 1A give the value 1 ~ 1 ws. Within a time of about 1 us, a low resistance 
plasma is formed and the voltage between the electrodes falls. 

The equilibrium stage is reached after formation of a stable plasma channel. 
The gas flow pushes the small equilibrium plasma column with the velocity 
about 10 m/s, and the length / of the arc channel increases together with the 
voltage. Initially the electric current increases during the formation of the 
quasi-equilibrium channel up to its maximum value of Im = Vo/R ~ 40 A. 
The current time dependence during the current growth phase is sensitive to 
the inductance L 


I(t) = (2) (l—e t/t), (8.6.2) 
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where t; = L/R ~ I ms. In this stage, the equilibrium gas temperature To 
does not change drastically and lies in the range 7000 < Tp < 10,000K for 
our numerical example (Fridman et al., 1993). For the experiments with 
lower electric current and lower power, the temperature could be differ- 
ent. For example, at a power level 200W and electric current 0.1.A, the 
gas temperature is as low as 2500K (Fridman et al., 1997). The quasi- 
equilibrium arc plasma column moves with the gas flow. At a power level 
2kW, the difference in velocities grows from 1 to 10m/s with an increase 
in the inlet flow rate from 830 to 2200cm?/s (Richard et al., 1996). In 
the reported case, the flow velocity was 30 m/s and the arc velocity was 
24m/s. In the experiments reported by Deminsky et al. (1977), the dif- 
ference in velocities was up to 30m/s for high flow rates (2200 cm/s) 
and small arc lengths (5cm). This difference decreases several meters per 
second when the arc length increases up to 15cm. In general, the dif- 
ference in arc and flow velocities increases with the increase in the arc 
power and absolute values of flow rates and, hence, flow velocities. It 
decreases with an increase of the arc length. The length of the column | 
during this movement and hence the power consumed by the discharge 
from the electrical circuit increases up to the moment when the electri- 
cal power reaches the maximum value available from the power supply 
source Pmax- 

The nonequilibrium stage begins when the length of gliding arc exceeds 
its critical value /,,jt. Heat losses from the plasma column begin to exceed 
the energy supplied by the source, and it is not possible to sustain the 
plasma in the state of thermodynamic equilibrium. As a result, the discharge 
plasma cools rapidly to about Tọ = 2000 K, and the plasma conductivity 
is maintained by a high value of the electron temperature Te = 1eV and 
step-wise ionization. After decay of the nonequilibrium discharge, a new 
breakdown takes place at the shortest distance between electrodes and the 
cycle repeats. 


8.6.3 Equilibrium Phase of the Gliding Arc 


The parameters of the equilibrium phase are similar to those for the conven- 
tional atmospheric pressure arc discharges. After the ignition and formation 
of a steady arc column, the energy balance can be described by the Elenbaas- 
Heller equation 8.4.1. Then application of the Raizer “channel” model of 
positive column (see Section 8.4.4) leads to Equation 8.4.14 describing the 
power w dissipated per unit length of the gliding arc. As was discussed in Sec- 
tion 8.4.5 (in particular see Equation 8.4.18 and Figure 8.15), the specific power 
w does not change significantly. In the temperature range of 6000—12,000 K, the 
characteristic values of the specific power w is about 50-70 kW/m. Assuming 
a constant specific power w permits describing the evolution of current, volt- 
age and power during the gliding arc quasi-equilibrium phase. Neglecting 
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the self-inductance L, Ohm’s law can be written for the circuit including the 
plasma channel, active resistor, and power generator as 


l 
Vo = RI + w7: (8.6.3) 
Here Vo, R, and I are, respectively, the open circuit voltage of the power 
supply, the external serial resistance and current. The arc current can be deter- 
mined from the Ohm’s law equation 8.6.3 and presented as a function of the 
arc length l, which is growing during the arc evolution 


Vo + (V5 — 4wlR)!/? 
2R i 


(8.6.4) 


The solution with the sign “+” describes the steady state of the arc; and 
the solution with J < Vo/2R corresponds to negative differential resistance p 
(p = dV /dJ) of and to an unstable arc regime 


(ata ee a AG: (8.6.5) 


From Equation 8.6.4, the current slightly decreases during the quasi- 
equilibrium period. At the same time, the arc voltage is growing as W(I/I), 
and the total arc power P = WI increases almost linearly with the length 1. 
According to Equation 8.6.5, the absolute value of the differential resistance of 
the gliding arc grows. Arc discharges are generally stable and have descend- 
ing volt-ampere characteristics. This means that the differential resistance 
(du/dj) of an arc as a part of the electric circuit is negative. To provide the 
stable regime of the circuit operation, the total differential resistance of the 
whole circuit should be positive. When the power dissipated by arc achieves 
its maximum, the differential resistance of arc becomes equal to the differen- 
tial resistance of external part of circuit (see Equation 8.6.5) and the electric 
circuit loses its stability. This leads to a change in the electrical parameters of 
the circuit and affects the arc parameters. The power supply cannot provide 
the increasing arc power, and the system transfers to a nonequilibrium state. 
The current I, voltage V and power P in the equilibrium phase are shown in 
Figure 8.33. 


8.6.4 Critical Parameters of the Gliding Arc 
The quasi-equilibrium evolution of gliding arc is terminated when the arc 
length approaches the critical value 
VERI 
crite AwR 


(8.6.6) 
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FIGURE 8.33 
Evolution of current, voltage, and power versus length. 


and the square root in Equation 8.6.4 (that is the differential resistance of 
the whole circuit) becomes equal to zero. The current falls to its minimum 
Ierit = Vo/2R, which is a half of the initial value. Plasma voltage, electric field 
E and the total power at the same critical point approach their maximum: 


Vorit = Vo/2, Ecrit = w/ Jerit» Werit = V$ /AR. (8.6.7) 


At the critical point (Equations 8.6.6 and 8.6.7), a growing plasma resis- 
tance becomes equal to the external one, and, obviously the maximum 
value of discharge power corresponds to half of the maximum power of 
generator. The numerical values of the critical parameters for pure air condi- 
tions are Jerit = 20 A, Verit =Vo/2 = 400 V, Werit = 8 kW (with a characteristic 
equilibrium temperature of the gliding arc discharge 7000 < T < 10,000 K), 
leit = 10 cm. Equation 8.6.6 for the gliding arc critical length can be made more 
specific by taking into account the channel model relation (Equation 8.4.14) 
for the specific power w 


Vali 


32RA TE (8.6.8) 


lerit = 


This relation gives a similar estimation for the critical length of the gliding 


arc loit ~ 10cm. 
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8.6.5 Fast Equilibrium — Nonequilibrium Transition 
(FENETRe Phenomenon) 


When the length of the gliding arc exceeds the critical value / > lerit, the heat 
losses wl continue to grow. But since the electrical power from the power 
supply cannot further increase, it is no longer possible to sustain the arc in the 
thermodynamic quasi-equilibrium. The gas temperature falls rapidly during 
the conduction time (about r?/D ~ 1074s), and the plasma conductivity can 
be still maintained only by a high value of the electron temperature T ~ 1eV 
and stepwise mechanism of ionization. Phenomenon of the “Fast Equilibrium 
— Nonequilibrium Transition” (the so-called FENETRe) in the gliding arc is 
kind of “discharge window” from the thermal plasma zone to a relatively cold 
one (Fridman et al., 1999). The arc instability is due to the slow increase of the 
electric field E = w/I and corresponding increase of electron temperature Te 
during the gliding arc evolution 


Te = To(1 + E?/E?). (8.6.9) 


Here the electric field E; corresponds to transition from thermal to direct 
electron impact ionization. The equilibrium arc discharge is usually stable. 
This thermal ionization stability is due to a peculiarity of both the heat and 
the electric current balances in the arc discharge. Indeed, a small temperature 
increase in the arc discharge leads to a growth of both electron concentration 
and electrical conductivity o. Taking into account the fixed value of current 
density j = oE, the conductivity increase results in a reduction of the electric 
field E and the heating power o E?, and hence results in stabilizing the ini- 
tial temperature perturbations. In contrast to that, the direct electron impact 
ionization (typical for nonequilibrium plasma) is usually not stable. For a 
fixed pressure (Pascal law) and constant electric field, a small temperature 
increase leads to a reduction of the gas concentration mg and to an increase of 
both the specific electric field E/ng and the ionization rate. This results in an 
increase of the electron concentration ne, the conductivity o, the Joule heating 
power oE? and hence in an additional temperature increase, and finally in 
total discharge instability. When the conductivity o depends mainly on the 
gas translational temperature, the discharge is stable. When the electric field 
is relatively high and the conductivity o becomes depending mainly on the 
specific electric field, the ionization becomes unstable. The gliding arc passes 
such a critical point during its evolution and the related electric field grows. 
The electric field growth during the gliding arc evolution could be written 
based on Equation 8.6.4 as 


E = 2wR/(Vo + (Vg — 4wIR)°°). (8.6.10) 


For a high electric field, the electrical conductivity o(To, E) begins depend- 
ing not only on the gas temperature as in quasi-equilibrium discharges, but 
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also on the field E. The corresponding logarithmic sensitivity of the electrical 
conductivity to the gas temperature corresponds to the Saha ionization 


_ 0 Ino (To E) qj 
T= ite. OTe, 


(8.6.11) 


where I; is the ionization potential. Taking into account (Equation 8.6.9), the 
logarithmic sensitivity of electrical conductivity to the electric field could be 
written as 


_ ô Ino (To E) _ GE? 


= x 8.6.12 
E dInE E?To ( 


To analyze the arc stability, consider Ohm’s law equation 8.6.3, the loga- 
rithmic sensitivities (Equations 8.6.11 and 8.6.12), and the thermal balance 
equation 

8 ATS 


dT 
ncp = o(To, E) F? — S] (8.6.13) 
1 


where S is the arc cross section, no and cy are the gas concentration and specific 
heat. The linearization procedure permits describing the time evolution of a 
temperature fluctuation AT in the exponential form 


AT(t) = ATo exp(Q#), (8.6.14) 


where ATo is an initial temperature fluctuation and the exponential frequency 
parameter Q is an instability decrement that is a frequency of temperature 
fluctuation disappearance. In this case, the negative value of the decrement 
Q < 0 corresponds to discharge stability, while the positive one Q > 0 corre- 
sponds to a case of instability. The linearization gives the following instability 
decrement for the gliding arc discharge (Fridman et al., 1999): 


OT E 
Q = —w 1 ; 8.6.15 
l+oE£ ( =) ( 


In this relation, w is the thermal instability frequency factor similar to the 
one described in Section 6.3.2, and defined by the relation 


o E2 
w = . 
nocpTo 


(8.6.16) 


Development of the ionization instability finally results either in the 
transition to nonequilibrium regime or just in the break of the discharge. 
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FIGURE 8.34 
Characteristics of gliding arc instability: Instability decrement and critical thermal fluctuation. 


8.6.6 Gliding Arc Stability Analysis 


The scheme of the gliding arc ionization instability is presented in Figure 8.34. 
Initially the gliding arc could remain stable (Q < 0) at relatively small electric 
field E < Ecrit (l < lerit), but it becomes completely unstable (Q > 0) when 
the electric field grows stronger (Equation 8.6.10). The gliding arc can lose 
stability even in the “theoretically stable” regime (see Figure 8.34) 


E;(To/1)?® < E < Ecrit- (8.6.17) 


Although such an electric field is less than the critical one (stability in the 
linear approximation Equation 8.6.15), its influence on electrical conductiv- 
ity becomes dominant, which strongly perturbs stability. In this regime of the 
“quasi-instability” (Equation 8.6.17), the stability factor is still negative, but 
decreases 10-30 times (compared to the one in the initial regime of the gliding 
arc) due to the influence of the logarithmic sensitivity og (factor 1/(1 + og)). 
This means that the gliding arc discharge actually becomes unstable at such 
electric fields. This effect of quasi-instability may be better illustrated using 
a nonlinear analysis, where the instability decrement in addition to Equa- 
tion 8.6.15 also depends on the level of temperature perturbation. The results 
of this nonlinear analysis of the differential equations can be represented by 
a critical value of a temperature fluctuation, corresponding to the gliding arc 
transition to an unstable form 


Terit = (4732/1). — E/Ecrit)/(1 + 08). (8.6.18) 
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Ina regular arc and in the initial equilibrium stage of the gliding arc, the elec- 
tric field and the sensitivity of conductivity to electric field is relatively small 
E X Ecrit, og « 1. Then the maximum permitted temperature perturbation to 
sustain the arc stability of the discharge is 


Terit (equil.) = T3/Ii. (8.6.19) 


This maximum temperature perturbation is about 1000 K, and is high 
enough to guarantee the arc’s stability. In the transitional stage Equa- 
tion 8.6.17, the critical temperature fluctuation T decreases to 


Tcrit(nonequil.) = T3E?/I7E’, (8.6.20) 


which corresponds numerically to about 100 K. In this case, a small temper- 
ature perturbation leads to arc instability and to the FENETRe phenomenon. 
The main qualitative results of the linear and the nonlinear analysis of the 
gliding arc evolution, including the instability decrement and the critical 
temperature fluctuation as a function of the electric field, are presented in 
Figure 8.34. During the FENETRe stage, the electric field and the electron 
temperature Te in the gliding arc are slightly increasing, numerically from 
Te © 1eV in quasi-equilibrium zone to approximately Te ~ 1eV in nonequi- 
librium zone. At the same time, the translational gas temperature decreases 
about three times from its initial equilibrium value of approximately 0.5 eV. 
The electron concentration falls to about 101? cm~’. The decrease of the 
electron concentration and conductivity o leads to the reduction of specific 
discharge power oE?. It cannot be compensated by the electric field growth 
as in the case of the stable quasi-equilibrium arc because of the strong sensi- 
tivity of the conductivity to electric field (see Equation 8.6.12). This is the main 
physical reason of the quasi-unstable discharge behavior in FENETRe con- 
ditions (see Figure 8.34). During the transition phase, the specific heat losses 
w (see Equation 8.4.14) also decrease (to a smaller value Wponequil, as well as 
the specific discharge power oE? with the reduction of the translational tem- 
perature To. However, according to Ohm’s law (E < Eerit), the total discharge 
power increases due to the growth of plasma resistance. This discrepancy 
between the total power and specific power (per unit of length or volume) 
results in a possible “explosive” increase in the arc length. This increase of 
length can be easily estimated from Equation 8.6.6 as 


Imax/lcrit = W/Wnonequil. x3. (8.6.21) 


This was experimentally observed by Cormier et al. (1993). 


8.6.7 Nonequilibrium Phase of the Gliding Arc 


After the fast FENETRe transition, the gliding arc is able to continue its evo- 
lution under the nonequilibrium conditions Te >> To (Kennedy et al., 1997; 
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TABLE 8.8 


The Critical Gliding Are Parameters Before Transition in Dependence on 
Magnitude of the Initial Current Ip 


Levit, A 50 40 30 20 10 5 1 0.5 0.1 
Ip, A 100 80 60 40 20 10 2 1 0.2 
To, K 10,800 10,300 9700 8900 7800 6900 5500 5000 4100 
Werit, W/cm 1600 1450 1300 1100 850 650 400 350 250 
Ecrit, V/cm 33 37 43 55 85 130 420 700 2400 
(=) 10-16 Vem? 0.49 0.51 0.57 0.66 0.9 13 3.1 48 14 


Rusanov et al., 1993). Up to 70-80% of the total gliding arc power can be 
dissipated after the critical transition resulting in plasma where the gas tem- 
perature is approximately 1500-3000 K and the electron temperature is about 
leV. Effective gliding arc evolution in the nonequilibrium phase is possible 
only if the electric field during the transition is sufficiently high, which is pos- 
sible when the arc current is not too large. The critical gliding arc parameters 
before transition in atmospheric air are shown in Table 8.8 as a function of 
the initial electric current. Under conditions of the decaying arc, even the rel- 
atively small electric field (E/19) crit © (0.5—1.0) x 10-!°V x cm? is sufficient 
to sustain the nonequilibrium phase of a gliding arc because of the influence 
of stepwise and possibly Penning ionization mechanism. Then taking into 
account data from Table 8.8, one can conclude as follows 


i. If Io > 5-10A, then the arc discharge extinguishes itself after reaching 
the critical values. 


ii. Alternatively, for Jo < 5-10 A, the value of reduced electric field 
(E/no)ecrit is sufficient for maintaining the discharge in anew nonequi- 
librium ionization regime. 


It is possible to observe three different types of the gliding arc discharge. 
At relatively low currents and high gas flow rates, the gliding arc discharge is 
nonequilibrium throughout all stages of its development. Alternately, at high 
currents and low gas flow rates, the discharge is thermal (quasi-equilibrium) 
and just breaks out at the critical point. Only at the intermediate values of 
currents and flow rates does the FENETRe-transition takes place. Experimen- 
tal data and comparative analysis regarding all these three types of gliding 
arcs are discussed in Mutaf-Yardimci et al. (1999). The electron tempera- 
ture (Te), vibrational temperature (Ty), and translational temperature (To) 
measurements in the nonequilibrium regimes of gliding arc were reported 
by Czernichowski et al. (1996). Typical temperatures were Te ~ 10,000K, 
To © 800-2100 K, and Ty ~ 2000-3000 K. See also Pellerin et al. (1996), Dalaine 
et al. (1998), and Mutaf-Yardimci et al. (1998a,b). 
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8.6.8 Effect of Self-Inductance on Gliding Arc Evolution 


Introducing a self-inductance into the gliding arc circuit (see Figure 8.31) 
decelerates the rate of current decrease and thereby prolongs the time of 
evolution of the nonequilibrium arc. Taking into account the self-inductance 
of the electric circuit, Ohm’s law equation can be written as 


di P 
OTe co oo pene p. 8.6.22 
2 TE ( ) 


where power P in the nonequilibrium regime can be presented in the form 
P = Perit + Werit2vat. (8.6.23) 


Perit and Werit are the total discharge power and critical discharge power; v is 
the velocity of gliding arc; 2a is angle between the diverging electrodes. t = 0 
is at the transition point. Using dimensionless variables 


i= l/lei t=t/tt, X= 2v a /lmax, (8.6.24) 
we can rewrite Ohm’s law as follows: 
(i — 1) +idi/dt + t= 0, (8.6.25) 


where ty, = L/R is the characteristic time of the electric circuit. For the typical 
conditions of the gliding arc, the magnitude of à is rather small (> = 0.003). At 
the beginning of the process when t < 0(|t| > 1) and neglecting the derivative 
di/dt, the approximation for i can be written as 


i=1+ (ay, (8.6.26) 


which corresponds to the current evolution shown in Figure 8.33. When t > 
—1/213, Equation 8.6.25 becomes 


P+ at = 1. (8.6.27) 


The electric current corresponding to solutions of Equations 8.6.25 through 
8.6.27 is shown in Figure 8.35. Introducing the self-inductance prolongs the 
transition phase by the time t = 1/2!/?. As a result, the power dissipated 
throughout the transition phase can also be increased (numerically by about 
20-50%). 


8.6.9 Special Configurations of Gliding Arcs 


The gliding arc discharges can be organized in various ways for different 
practical applications. Of special interest are gliding arc discharges organized 
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FIGURE 8.35 
Effect of the self-inductance on the transient phase of gliding arc. 


in a fluidized bed (see Figure 8.36), and also gliding arc discharges in a fast 
rotating in magnetic field (see Figure 8.37). An expanding arc configuration 
similar to the gliding arc is used in switchgears, as shown in Figure 8.38. 
The contacts start out closed. When the contactors open, an expanding arc is 
formed and glides along the opening of increasing length until it extinguishes 


(a) pe F “ae Quartz box (b) 
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Electrodes 


Bed of particles 


Air 


FIGURE 8.36 
UIC’s gliding arc-fluidized bed system. (a) Schematic diagram and (b) photograph. 
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FIGURE 8.37 
UIC’s gliding arc rotating in magnetic field. 


itself. Extinction of the gliding arc in this case is often promoted by using 
strongly electronegative gases like SF¢, 


8.6.10 Gliding Arc Stabilized in Reverse Vortex (Tornado) Flow 


Interesting for applications is the gliding arc stabilization in the reverse vortex 
(tornado) flow. This approach is opposite to the conventional forward vortex 
stabilization, where the swirl generator is placed upstream with respect to 
discharge and the rotating gas provides the walls protection from the heat 
flux. Some reverse axial pressure gradient and central reverse flow appears 
due to fast flow rotation and strong centrifugal effect near the gas inlet, which 
becomes a bit slower and weaker downstream. The hot reverse flow mixes 
with incoming cold gas and increases heat losses to the walls, which makes 
the discharge walls insulation less effective. More effective wall insulation 
is achieved by the reverse vortex stabilization. In this case, the outlet of the 
plasma jet is directed along the axis to the swirl generator side. Cold incoming 
gas movesat first by the walls providing their cooling and insulation, and only 


\ Gas flow 
—— 
—e Arc 
—e 
FIGURE 8.38 


Switches as gliding arcs. 
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after that it goes to the central plasma zone and becomes hot. Thus, in the case 
of reverse vortex stabilization, the incoming gas is entering discharge zone 
from all directions except the outlet side, which makes it effective for gas 
heating/conversion efficiency and for discharge walls protection. A picture 
of the gliding arc discharge trapped in the reverse vortex (tornado) flow is 


shown on the cover of this book. 


PROBLEMS AND CONCEPT QUESTIONS 


1. 


The Sommerfeld formula for thermionic emission. Using the Sommerfeld 
formula (Equation 8.2.3) calculate the saturation current densities 
of thermionic emission for tungsten cathode at 2500 K. Compare 
the calculated current densities with those presented in Table 8.1. 
The Richardson relation for thermionic emission. Derive the thermionic 
current density dependence on the temperature assuming Maxwell 
distribution in the integration of Equation 8.2.2, not Fermi distri- 
bution, but for electron velocities. In 1908, Richardson derived this 
relation with the pre-exponential factor proportional to T but not 
to T2. Explain the difference between Richardson and Sommerfeld 
formulas. 

The Schottky effect of electric field on the work function. Derive the Schot- 
tky relation by integrating Equation 8.2.5 with the electric force 
equation 8.2.4 applied to an electron. Estimate the relative accu- 
racy of this relation. Calculate the maximum Schottky decrease of 
work function corresponding to very high electric fields sufficient 
for field emission. 

The field electron emission. The field electron emission is characterized 
by very sharp current dependence on electric field (see, e.g., Table 
8.2). As a result of this strong dependence, one can determine the 
critical value of electric field when the contribution of the field elec- 
tron emission becomes significant. Based on the Fowler-Nordheim 
formula (Equation 8.2.7), determine the critical value of the electric 
field necessary for the field electron emission and its dependence 
on the work function. 

Secondary electron emission. Explain why the coefficient y of the 
secondary electron emission induced by the ion impact is almost 
constant at relatively low energies when it is provided by the Pen- 
ning mechanism. Estimate the probability of the electron emission 
following the Penning mechanism. Explain why the coefficient y of 
the secondary electron emission induced by the ion impact grows 
linearly with ion energy when the ion energy is sufficiently high. 
The secondary ion—electron emission coefficient y. Based on Equa- 
tion 8.2.9 estimate the coefficient y of secondary electron emission 
induced by the ion impact at relatively low ion energies for ions 
with different ionization potentials and surfaces with different work 
functions. Compare the obtained result with the experimental date 
presented in Figure 8.6. 

Electric field in the vicinity of arc cathode. Integrating the Poisson’s 
equation 8.3.4, derive Equation 8.3.5 for the electric field near 
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the cathode of arc discharge. Show that the first term in this for- 
mula is related to the contribution of ions in forming the positive 
space charge, and the second term to the effect of electrons in 
compensating the positive space charge. Compare numerically the 
contribution of these two terms. 

8. Structure of the arc discharge cathode layer. Integrating the Poisson’s 
equation 8.3.4 twice and neglecting the second term related to effect 
of electrons on the space charge, derive Equation 8.3.7 for the length 
of the collisionless zone of cathode layer. Give a physical interpre- 
tation to the fact that most of the cathode voltage drop takes place 
in the extremely short collisionless zone of the cathode layer. 

9. Erosion of hot cathodes. Based on the numerical example of specific 
erosion given in Section 8.3.4, estimate the rate of cathode mass 
losses per hour for the tungsten rod cathode at atmospheric pressure 
of inert gases and current about 300 A. 

10. Cathode spots. The critical minimum current through an individual 
cathode spot for different nonferromagnetics can be found from 
Equation 8.3.10. Using this relation calculate the minimum current 
density for copper and silver electrodes and compare the results 
with data presented in Table 8.6. 

11. Radiation of the arc positive column. Based on the formulas presented 
in Table 8.7, calculate the percentage of arc power conversion into 
radiation for different gases at low and high values of the Joule 
heat per unit length w = EI, W/cm. Make your conclusion about 
the effectiveness of different gases as the arc radiation sources at the 
different levels of specific discharge power. 

12. The Elenbaas—Heller equation. The Elenbaas—Heller equation 8.4.4 
includes the material function o(©), expressing dependence of the 
quasi-equilibrium plasma conductivity on the heat flux potential 
Equation 8.4.3. Considering that the thermal conductivity depen- 
dence on temperature X(T) is nonmonotonic (see Figure 8.13), 
explain why the material function o(@) is nevertheless smooth 
enough. 

13. The Steenbeck channel model of arc discharges. Integrating the 
Elenbaas—Heller equation in the framework of the Steenbeck chan- 
nel model, derive the relation between the heat flux potential 
©m(Tm), related to the plasma temperature, and the discharge 
power per unit arc length. 

14. Principle of minimum power for positive column of arc discharges. 
According to the Steenbeck principle of minimum power, the 
plasma temperature Tm and the arc channel radius rg should min- 
imize the specific discharge power w and electric field E = w/I 
at fixed values of current I and discharge tube radius R. Apply 
the minimization requirement (dw/dro);=const = 0 to the func- 
tional relations (Equations 8.4.5 and 8.4.6) and derive the third 
equation 8.4.8 of the Steenbeck channel model. 

15. The Raizer channel model of arc discharges. Prove the equivalence of 
the Raizer and Steenbeck approaches to the channel model. Show 
that the third equation of the Raizer channel model equation 8.4.14 
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16. 


17. 


18. 


19. 


20. 


21. 


22. 


completely coincides with one of the Steenbeck model equation 8.4.8 
taking the electrical conductivity in the form in Equation 8.4.11. The 
Steenbeck approach was based on the principle of minimum power. 
Is it possible to interpret the agreement between two modifications 
of the channel model as a proof of validation of the principle of 
minimum power for arc discharges? 

Arc temperature in frameworks of the channel model. Derive Equa- 
tion 8.4.17 for the plasma temperature in arc discharges based on 
the principal equations of the arc channel model. Explain why the 
arc temperature is close to a constant with only weak logarith- 
mic dependence on current and radius R (characterizing cooling 
of the discharge). Compare this conclusion with a similar one for 
nonthermal discharges (like a glow), where the range of changes of 
electron temperature is also not wide. 

Modifications of the arc channel model for the discharge stabilization by 
gas flow. Generalize the principal results of the channel model equa- 
tions 8.4.17 through 8.4.20 for the case of the arc stabilization by 
fast gas flow, replacing the radius R by an effective one Reff, which 
takes into account convective arc cooling. Use the derived relations 
to explain increase of plasma temperature in the channel by intense 
arc cooling in fast gas flows. 

Difference between electron and gas temperatures in arc discharges. 
Using Equation 8.4.23, estimate the critical electric current when the 
difference between electron and gas temperatures in atmospheric 
pressure argon arc becomes essential. Compare the results with 
Figure 8.11. 

The Bennet pinch pressure distribution. Based on the dynamic balance 
of expansionary kinetic pressure of plasma p and inward radial 
magnetic body force equation 8.4.26, together with Equation 8.4.24 
for the azimuthal magnetic field Bg, derive the relation for pressure 
distribution inside of the Bennet pinch of radius rg. Compare arc 
stabilization in the Bennet pinch and in industrial arcs with lower 
currents. 

Electrode jet formation. On the basis of Equation 8.4.31, estimate the 
electrode jet velocity corresponding to parameters of cathode spots 
given in Section 8.3 for atmospheric pressure arc discharges. Discuss 
possible consequences of the high-speed cathode jets on the pre- 
electrode arc behavior. 

Stabilization of linear arcs near the axis of the discharge tube. Based on 
the Elenbaas—Heller equation (see Section 8.4.2), explain why the 
thermal discharge temperature on axis rises if the arc is cooled on 
its edges. Use this effect to interpret the stability of linear arcs near 
axis of the discharge tube. 

Critical length of gliding arc discharge. Analyze the relation (Equa- 
tion 8.6.4) for electric current in the quasi-equilibrium phase of 
gliding arc, and asymptotically simplify it in the vicinity of the 
critical point when the discharge power approaches its maximum 
value. Why this relation is unable to describe the current evolution 
for bigger lengths of the arc? 
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23. Quasi-unstable phase of gliding arc discharge. On the basis of the sta- 
bility diagram shown in Figure 8.34, explain mechanism leading to 
instability of the formally stable regime of arc with length lower than 
the critical one. Compare the quasi-unstable phase of the gliding arc 
with totally stable and totally unstable regimes of the discharge. 

24. Discharge power distribution between quasi-equilibrium and nonequilib- 
rium phases of gliding arc. Assuming that the power of the gliding arc 
remains at the maximum level after the FENETRe transition and 
using Equation 8.6.21 for the maximum equilibrium and nonequi- 
librium lengths, derive a formula describing the fraction of the total 
gliding arc energy released in the nonequilibrium phase. 


9 


Nonequilibrium Cold Atmospheric Pressure 
Discharges 


9.1 Continuous Corona Discharge 
9.1.1 General Features of the Corona Discharge 


Corona is a weakly luminous discharge, which appears at atmospheric 
pressure near sharp points, edges, or thin wires where the electric field is 
sufficiently large. Coronas are always nonuniform: strong electric field, ion- 
ization, and luminosity are located in the vicinity of a single electrode. Weak 
electric fields drag charged particles to another electrode to close the circuit. 
No radiation appears from the “outer region” of the corona. Corona can be 
observed in air around high voltage transmission lines, around lightning rods, 
and even masts of ships, where they are called “Saint Elmo’s fire.” This is the 
origin of the corona name, which means “crown.” High voltage is required 
to ignite the corona, which occupies the region around a single electrode. If 
the voltage grows even larger, the remaining part of the discharge gap breaks 
down and the corona transforms into a spark (see Loeb, 1965; Goldman and 
Goldman, 1978; Bartnikas and McMahon, 1979). 


9.1.2 Electric Field Distribution in Different Corona Configurations 


The corona discharges occur only if the electric field is essentially nonuni- 
form. The electric field in vicinity of one or both electrodes should be much 
stronger than in the rest of the discharge gap. It occurs if the characteristic 
size of an electrode r is much smaller than characteristic distance d between 
the electrodes. For example, corona discharge in air between parallel wires 
occurs only if the inter-wire distance is sufficiently large, that is, d/r > 5.85. 
Otherwise, an increase in voltage results not in a corona, but in a spark. 
Engineering calculations of coronas require information on the electric field 
distribution in the system. Neglecting effects of the plasma, these distribu- 
tions can be found in the framework of electrostatics. For simple discharge 
gap geometries (see Figure 9.1a-g), such electric field distributions can be 
found analytically: 
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FIGURE 9.1 
Illustration of different corona configurations. (a) Coaxial cylinders, (b) concentric spheres, (c) 
sphere plane, (d) parabolic tip, (e) two-wires plane, (f) wire plane, and (g) two wires. 


a. The electric field in the space between coaxial cylinders of radii r 
(internal) and R (external) at a distance x from the axis (Figure 9.1a) 
can be expressed as 


V 


Emax (x = r) = x In(R/r)’ 


where V is the voltage between two electrodes. 


b. The electric field in the space between concentric spheres also of radii 
r (internal) and R (external) at a distance x from the center (Figure 
9.1b) is 


Ak GER >r). (9.1.2) 


pays. A 
xR =r) aa 


c. Theelectric field in the space between a sphere of radius r and a remote 
plane d/r — œ (Figure 9.1c) can be written as a function of distance 
x from the sphere center 


V 
EMV, Fae (9.1.3) 
x r 
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d. The electric field in the space between a parabolic tip with curvature 
radius r and a plane perpendicular to it and located at a distance d 
from the tip (Figure 9.1d) can be expressed as a function of distance x 
from the tip 


ee 2V oraa 
~ (r+2x) In@d/r +D S y InQd/n)’ 


(9.1.4) 


e. If the corona is organized between two parallel wires of radius r sep- 
arated on distance d between each other, and located on distance b 
from the earth (Figure 9.1e), the maximum electric field is obviously 
achieved near the surface of the wires and equals 


V 


Am RULEA 


f. Based on Equation 9.1.5, the maximum electric field induced by the 
single wire and a parallel plane located at a distance b(d —> ov, see 
Figure 9.1f) can be presented as 


(9.1.5) 


V 


OTA (9.1.6) 


Emax = 


g. From Equation 9.1.5 one can also derive the maximum electric field 
between two parallel wires spaced by a distance d between each other 
(b + œ, see Figure 9.1g) 


V 


T (9.1.7) 


Emax = 


Obviously, the above Equations 9.1.1 through 9.1.7 describe electric fields 
in the corona discharge system before the generated plasma perturbs it. 


9.1.3 Negative and Positive Corona Discharges 


The mechanism for sustaining the continuous ionization level in a corona 
depends on the polarity of electrode where the high electric field is located. 
If the high electric field zone is located around the cathode, such a corona 
discharge is referred to as negative corona. Conversely, if the high electric 
field is concentrated in the region of the anode, such a discharge is called the 
positive corona. Ionization in the negative corona is due to multiplication of 
avalanches. Continuity of electric current from the cathode into the plasma is 
provided by secondary emission from cathode. Ignition of the negative corona 
actually has the same mechanism as the Townsend breakdown, general- 
ized taking into account the nonuniformity and possible electron attachment 
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processes 


Xmax 


| [a(x) — B(x)] dx = In (: + =), (9.1.8) 
0 


In this equation a(x), B(x) and y are the first, second, and third Townsend 
coefficients, describing respectively ionization, electron attachment, and sec- 
ondary electron emission from the cathode; xmax corresponds to the distance 
from the cathode, where the electric field becomes low enough and a(Xmax) = 
B(Xmax), Which means that no additional electron multiplication takes place. 
The equality a(%max) = B(%max) actually corresponds to the breakdown elec- 
tric field Epreak in electronegative gases (see Section 4.4). If the gas is not 
electronegative ($ = 0), integration of Equation 9.1.8 is formally not limited; 
however, due to the exponential decrease of «(x)it is. The critical distance 
X = Xmax determines not only the ionization, but also the electronic excitation 
zone, and hence the zone of plasma luminosity. This means that the criti- 
cal distance x = Xmax can be considered as the visible size of the corona (or 
an active corona volume). Ionization in the positive corona cannot be pro- 
vided by the cathode phenomena, because in this case the electric field at the 
cathode is low. Here ionization processes are related to the formation of the 
cathode-directed (or the so-called positive) streamers (see Figure 4.25). Igni- 
tion conditions can be described for the positive corona using the criteria of 
cathode-directed streamer formation. In this case, generalization of the Meek 
breakdown criterion (Equation 4.4.20) is quite a good approximation, taking 
into account the nonuniformity of the corona and possible contributions of 
electron attachment 


| [a(x) — B(x)] dx ~ 18 to 20. (9.1.9) 
0 


Comparing the ignition criteria given by Equations 9.1.8 and 9.1.9, the mini- 
mal amplification coefficients should be 2 to 3 times lower to provide ignition 
of negative corona (because In(1/y) + 6-8). However, the critical values of 
the electric field for ignition of positive and negative coronas are pretty close 
even though these are related to very different breakdown mechanisms. This 
can be explained by the strong exponential dependence of the amplification 
coefficients on the electric field value. 


9.1.4 Corona Ignition Criterion in Air: The Peek Formula 


According to Equations 9.1.8 and 9.1.9, ignition for both positive and negative 
coronas mostly is determined by maximum electric field in the vicinity of 
the electrode, where the discharge is to be initiated. The critical value of the 
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igniting electric field (near the electrode) for the case of coaxial electrodes in 
air can be calculated using the Peek formula 


kV 0.308 
Eo, — = 318 | 1 + ———— ]}. 9.1.10 
ct cm ( w) oy) 


In the Peek formula, ô is the ratio of air density to the standard one and r 
is the radius of internal electrode. The formula can be applied for pressures 
0-10 atm, polished internal electrodes with radius r ~ 0.01—1 cm, with both 
direct current (DC) and alternating current (AC) with frequencies up to 1 kHz. 
Roughness of the electrodes decreases the critical electric field by 10-20%. The 
Peek formula (Equation 9.1.10) was derived for the coaxial cylinders, but it 
can be used also for other corona configurations with slightly different values 
of coefficients. The critical corona-initiating electric field for two parallel wires 
can be calculated as 


kV 0.301 
|A E Seeman E 9.1.11 
1 cm ( +L) ( ) 


The empirical equation 9.1.11 does not differ much from the Peek formula. 
Both relations correspond to formula for the Townsend coefficient a in air at 
reduced electric fields E/p < 150 V/cm Torr 


2 
PE E (paca cag ea (9.1.12) 
cm 318 


Equations 9.1.10 and 9.1.11 determine the critical corona electric field. The 
voltage necessary to ignite the corona discharge can then be found based on 
such relations as Equations 9.1.1 through 9.1.7. In this case, the critical value 
of electric field is supposed to be reached in the close vicinity of an active 
electrode. 


9.1.5 Active Corona Volume 


Ionization and effective generation of charged particles takes place in corona 
discharges only in the vicinity of an electrode where the electric field is suf- 
ficiently high. This zone is usually referred as active corona volume (see 
Figure 9.2). The active corona volume is the most important part of the dis- 
charge from the point of view of plasma-chemical applications, because most 
excitation and reaction processes take place in this zone. External radius (or 
more generally, the size) of the active corona volume is determined by the 
value of the electric field, which should correspond to the breakdown value 
Ebreak On the boundary of the active volume, see discussion after Equation 
9.1.8. Consider the generation of a corona discharge in air between a thin 
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FIGURE 9.2 
Illustration of active corona volume. 


wire electrode of radius r = 0.1 cm and coaxial cylinder external electrode 
with radius R = 10cm. According to the Peek formula, the critical igniting 
electric field in the vicinity of the internal electrode is about 60 kV/cm. In 
this case, Equation 9.1.1 gives the minimum value of voltage required for 
ignition of the corona to be about 30 kV. The electric field near the exter- 
nal electrode is very low E(R) ~ 0.6 kV/cm, E(R)/p ~ 0.8 V/cm. Torr and not 
sufficient for ionization. Effective multiplication of charges requires the break- 
down of the electric field, which can be estimated as Epreak © 25 kV/cm. 
This determines the external radius of the active corona volume case as 
rac = TE cr/Epreak © 0.25cm. Hence the active corona volume occupies the 
cylindrical layer 0.1cm < x < 0.25cm around the thin wire. In general, the 
external radius of the active corona volume around the thin wire can be 
determined based on Equation 9.1.1 as 


V 


zcn 9.1.13 
Ebreak In(R/r) ( ) 


TAC 


where V is the voltage applied to sustain the corona discharge. As seen 
from Equation 9.1.13, the radius of active corona volume is increasing with 
the applied voltage because values of R, r, and Epreak are actually fixed by 
the discharge geometry and gas composition. Similar to Equation 9.1.13, the 
external radius of the active corona volume generated around a sharp point 
can be expressed according to Equation 9.1.2 as 


rV 
Ebreak 


Tac ~ (9.1.14) 
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Using Equations 9.1.13 and 9.1.14 compare the active radii of corona around 
thin wire and sharp point 


rac(wire) a 1 V E rac(point) (9.1.15) 
rac(point) In(R/r)\ aEpreak r In(R/r) ` 7 


This ratio is about three, which illustrates the advantage of corona generated 
around a thin wire to produce a larger volume of nonthermal atmospheric 
pressure plasma effective for different applications. 


9.1.6 Space Charge Influence on Electric Field Distribution 
in a Corona Discharge 


The generation of charged particles takes place only in the active corona 
volume in the vicinity of an electrode. Thus, the electric current to the exter- 
nal electrode outside of the active volume is provided by the drift of charged 
particles (generated in the active volume) in the relatively low electric field. 
In the positive corona these drifting particles are positive ions, in the neg- 
ative corona these are negative ions (or electrons, if corona is generated in 
nonelectronegative gas mixtures). The discharge current is determined by 
the difference between the applied voltage V and the critical voltage Ver, 
corresponding to the critical electric field Eer and to ignition of the corona 
(see Section 9.1.4). The current value is limited by the space charge outside 
of the active corona volume. The active corona volume is able to generate 
high current, but the current of charged particles is partially reflected back 
by the space charge formed by these particles. The phenomenon is some- 
what similar to the phenomenon of current limitation by space charge in 
sheathes, or in vacuum diodes (see Sections 6.1.4 and 6.1.5). However, in 
the case under consideration, the motion of charged particles is not with- 
out collision, but determined by drift in electric field. To analyze the space 
charge influence on the electric field distribution, consider the example 
of a corona generated between coaxial cylinders with radii R and r (e.g., 
corona around a thin wire). The electric current per unit length of the wire 
i is constant outside of active corona volume, where there is no charge 
multiplication 


i = 2mxenwE = const. (9.1.16) 


Here x is the distance from corona axis; n is the number density of charged 
particles providing electric conductivity outside of the active volume; p is 
the mobility of the charged particles. The space charge perturbation of the 
electric field is not very strong, and the number density distribution n(x) can 
be found based on Equation 9.1.16 and nonperturbed electric field distribution 
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Equation 9.1.1 


1 i In(R/r) 
= = = : 9.1.17 
me) 2mewEx 2reuV ae ( ) 


This expression for the charged particles density distribution n(x), then can 
be applied to find the electric field distribution E(x), using Maxwell equation 
for the case of cylindrical symmetry 


1d[xE(x)]__ 1 1d[xE(x)] _ i In(R/r) 
a ae ao de a (9.1.18) 


The Maxwell equation can be integrated, taking into account that the elec- 
tric field distribution should follow Equation 9.1.1 with the critical value of 
voltage V« (corresponding to corona ignition) at the low current limit, i — 0. 
It gives the electric field distribution taking into account current and the space 
charge 


Ver In(R/r) i In(R/r) e-r?) 


E = 
œ) x 2mEeqguV 2x 


(9.1.19) 


Obviously, in this relation, iis Edx = V. Also the distribution (Equation 
9.1.19) is valid only in the case of small electric field perturbations due to 
the space charge outside of the active corona volume. Expressions similar to 
Equation 9.1.19 describing the influence of electric current and space charge on 
the electric field distribution could be derived for other corona configurations 
(see Roth, 2000). 


9.1.7 Current-Voltage Characteristics of a Corona Discharge 


Integration of the expression for the electric field (Equation 9.1.19) over the 
radius x taking into account that in most of the corona discharge gap x? > 
r?, gives the relation between current (per unit length) and voltage of the 
discharge, which is the current-voltage characteristic of corona generated 
around a thin wire 


os AneguV(V — Ver) 
o R In(R/r) 


(9.1.20) 


The corona current depends on the mobility of the main charged particles 
providing conductivity outside of the active corona volume. Noting that the 
mobilities of positive and negative ions are nearly equal, the electric cur- 
rents in positive and negative corona discharges are also close. Negative 
corona in gases without electron attachment (e.g., noble gases) provides much 
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larger currents because electrons are able to leave the discharge gap rapidly 
without forming a significant space charge. Even a small admixture of an elec- 
tronegative gas decreases the corona current. The parabolic current-voltage 
characteristic, Equation 9.1.20, is valid not only for thin wires, but for other 
corona configurations. Obviously, the coefficients before the quadratic form 
V(V — Ver) are different for different geometries of corona discharges 


I=CV(V — Va). (9.1.21) 


In this relation, I is the total current in corona. For example, the current- 
voltage characteristic for the corona generated in atmospheric air between a 
sharp point cathode with radius r = 3—50 mm and a perpendicular flat anode 
located on the distance of d = 4—16 mm can be expressed as 


52 
i mA = Te kV)(V vs Ver) (9.1.22) 


In this empirical relation, I is the total corona current from the sharp point 
cathode. The critical corona ignition voltage Vr in this case can be taken as 
Ver © 2.3kV and does not depend on the distance d (Goldman and Goldman, 
1978). 


9.1.8 Power Released in the Continuous Corona Discharge 


Based on Equation 9.1.20, the electric power released in the continuous corona 
discharge can be determined for the case of a long thin wire as 


_ AnLeguV(V — Ver) 
= R2 In(R/r) 


(9.1.23) 


where L is the length of the wire. In more general cases, the corona dis- 
charge power can be determined based on the current-voltage characteristic 
(Equation 9.1.21) as 


P=CV(V - Va) (9.1.24) 


For the corona generated in atmospheric air between the sharp pointed 
cathode with radius r = 3—50 um and a perpendicular flat anode located 
at a distance of d = 1cm, the coefficient C ~ 0.5 if voltage is expressed in 
kilovolts and power is expressed in millivolts. This yields the corona power 
about 0.4 W at the voltage of about 30 kV. This power is low. Similarly, corona 
discharges generated in atmospheric pressure air around the thin wire (r = 
0.1cm, R = 10cm, Ver = 30 kV) with voltage 40 kV releases power of about 
0.2 W/cm of the discharge. The power of the continuous corona discharges 
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is low and not acceptable for many applications. Recall that further increases 
of voltage and current leads to corona transition into sparks. However, these 
can be prevented organizing the corona discharge in a pulse-periodic mode. 
Although the corona power is relatively low per unit length of a wire, the 
total corona power becomes significant when the wires are very long. Such 
situations take place in the case of high voltage overhead transmission lines, 
where coronal losses are significant. In humid and snow conditions, these can 
exceed the resistive losses. In the case of high voltage overhead transmission 
lines, the two wires generate corona discharges of opposite polarity. Electric 
currents outside of active volumes of the opposite polarity corona discharges 
are provided by positive and negative ions moving in opposite directions. 
These positive and negative ions meet and neutralize each other between 
wires, which results in a decrease of the space charge and an increase of the 
corona current, which relates to phenomenal power losses. The coronal power 
loss for a transmission line wire with 2.5 cm diameter and voltage of 300 kV 
is about 0.8 kW/km in the case of fine and sunny weather. In the case of rainy 
or snowy conditions, the critical voltage V is lower, and coronal losses grow 
significantly. For this case, the same loss of about 0.8 kW/km corresponds to 
a voltage about 200 kV. 


— == 
9.2 Pulsed Corona Discharge 
9.2.1 Why the Pulsed Corona? 


To increase the corona current and power, the voltage and the electric field 
should be increased. However, as the electric field increases, the active 
corona volume would grow until it occupied the entire discharge gap. 
When streamers are able to reach the opposite electrode, formation of a 
spark channel occurs which subsequently results in local overheating and 
plasma nonuniformity that are not acceptable for applications. Increasing 
of corona voltage and power without spark formation becomes possible by 
using pulse-periodic voltages. Today, the pulsed corona is one of the most 
promising atmospheric pressure, nonthermal discharges. Streamer velocity 
is about 108cm/s and exceeds by a factor of 10 the typical electron drift 
velocity in an avalanche. If the distance between electrodes is about 1-3 
cm, the total time necessary for development of avalanches, avalanche-to- 
streamer transition, and streamer propagation between electrodes is about 
100-300 ns. This means that voltage pulses of this duration range are able to 
sustain streamers and effective power transfer into nonthermal plasma with- 
out streamer transformations into sparks. For the pulsed corona discharges 
the key point is to make relevant pulse power supplies, which are able to 
generate sufficiently short voltage pulses with steep front and very short rise 
times. 
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9.2.2 Corona Ignition Delay 


Numerous experimental data regarding ignition delay of the continuous 
corona are available. These are quite helpful in understanding pulsed corona 
discharge. For example, the ignition delay of the continuous negative corona 
strongly depends on cathode conditions and varies from one experiment 
to another. Such facility-specific characteristics are one reason why pulsed 
coronas are more often organized as positive ones. Typical ignition delay 
in the case of positive corona is about 100 ns (30-300ns). This interval is 
much longer than streamer propagation time; hence, it is related to the 
time for initial electrons formation and propagation of initial avalanches. 
Note that the initial electrons are not formed near the cathode but rather 
in the discharge gap. Random electrons in the atmosphere usually exist 
in the form of negative ions O,, their effective detachment is due to ion- 
neutral collisions and effectively takes place at electric fields about 70 kV/cm. 
If humidity is high and the negative ions O, are hydrated, the electric 
field necessary for detachment and formation of a free electron is slightly 
higher. Experimental data related to the ignition delay of the continu- 
ous corona actually indicates the same limits for pulse duration in pulsed 
corona discharges. This indicates some advantages of the positive corona 
and the cathode-directed streamers, and also shows the electric fields nec- 
essary for effective release of initial free electrons by detachment from 
negative ions. 


9.2.3 Pulse-Periodic Regime of the Positive Corona Discharge Sustained 
by Continuous Constant Voltage: Flashing Corona 


Corona discharges sometimes operate in form of periodic current pulses even 
at constant voltage conditions. Frequency of these pulses can reach 10*Hz in 
the case of positive corona, and 10° Hz for negative corona. This self-organized 
pulsed corona discharge is obviously unable to overcome the current and 
power limitations of the continuous corona discharges because continuous 
high voltage still promotes the corona-to-spark transition. However, it is an 
important step toward the non-steady-state coronas with higher voltages, 
higher currents and higher power. Consider at first a positive corona dis- 
charge formed between sharp point anode of radius 0.17 mm and flat cathode 
located 3.1 cm apart. Discharge ignition takes place in this system at the critical 
voltage Ver © 5kV. This corona operates in the pulse-periodic regime starting 
from the ignition voltage to a voltage V1 ~9.3kV (Goldman and Goldman, 
1978). Near the boundary voltage values (Ver, Vi), the frequency of the cur- 
rent pulses is low. The frequency of the pulses reaches the maximum value 
of about 6.5 kHz in the middle of the interval (Ver, V1). This pulsing dis- 
charge is usually referred to as a flashing corona. The mean current value in 
this regime reaches 1 pA at the voltage V; ~ 9.3 kV. Increasing the voltage 
from V1 © 9.3kV to V2 © 16kV stabilizes the corona; the discharge operates 
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in steady state without pulses. Current grows in this regime from 1mA to 
10mA. Further increase of voltage from V2 ~ 16kV up to the corona tran- 
sition into a spark at V; ~ 29kV leads again to the pulse-periodic regime. 
Frequency grows up in this regime to about 4.5kHz; the mean value of 
current grows during the same time to about 100 pA. The flashing corona 
phenomenon can be explained by the effect of positive space charge, which 
is created when electrons formed in streamers decrease fast at the anode 
but slow positive ions remain in the discharge gap. The growing positive 
space charge decreases electric field near the anode and prevents generation 
of new streamers. Positive corona current is suppressed until the positive 
space charge goes to the cathode and clears up the discharge gap. After 
that a new corona ignition takes place and the cycle can be repeated again. 
The flashing corona phenomenon does not occur at intermediate voltages 
(Vi < V < V2), when the electric field outside of the active corona volume is 
sufficiently high to provide effective steady-state clearance of positive ions 
from the discharge gap but not to high enough to provide intense ioniza- 
tion. It is interesting to note that the electric current in the flashing corona 
regime does not fall to zero between pulses; some constant component of 
the corona current is continuously present. From this experimental data, one 
can calculate the maximum power of pulse-periodic corona around a sharp 
point to be about 3 W. This is more than 10 times higher than the maximum 
power in a continuous regime for the same corona system, which is 0.2 W 
(see also numerical example after Equation 9.1.24). Thus the pulse-periodic 
regime leads to a fundamental increase of corona power. However, the power 
increase in this system is still limited by spark formation because the applied 
voltage is continuous. 


9.2.4 Pulse-Periodic Regime of the Negative Corona Discharge Sustained 
by Continuous Constant Voltage: Trichel Pulses 


Negative corona discharges sustained by continuous voltage also can oper- 
ate in the pulse-periodic regime at relatively low value of voltages close 
to the ignition value. Frequency of the pulses is much higher in this case 
10°-10° Hz relative to the positive corona; the pulse duration is short, approx- 
imately 100 ns. If the mean corona current is 20 uA, the peak value of 
current in each pulse can reach 10 mA. The pulses disappear at higher 
voltages, and in contrast to the case of positive corona the steady-state 
discharge exists till transition to spark. The pulse-periodic regime of the 
negative corona discharge is usually referred to as Trichel pulses. General 
physical causes of the Trichel pulses are similar to those of the flashing 
corona discussed above, though with some peculiarities. The growth of 
avalanches from cathode leads to the formation of two charged layers: (a) 
an internal one that is positive and consists of positive ions and (b) exter- 
nal one that is negative and consists of either negative ions (in air or other 
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electronegative gases) or electrons in the case of electropositive gases. In 
electropositive gases, like nitrogen or argon, the Trichel pulses are not gen- 
erated at all. Because of their high mobility, electrons reach the anode quite 
fast. As a result, the density of the space charge of electrons in the exter- 
nal layer is very low, and as a result, the electric field near the cathode 
is not suppressed. The positively charged internal layer even increases the 
electric field in the vicinity of the cathode and provides even better con- 
ditions for the active corona volume. Thus the Trichel pulses take place 
only in electronegative gases. In air and other electronegative gases, neg- 
ative ions are able to form significant negative space charge around the 
cathode. This negative space charge cannot be compensated by narrow the 
layer of positive ions, which are effectively neutralized at the near-by cath- 
ode. Thus, the space charge of the negative ions suppresses the electric 
field near cathode and, hence, suppresses the corona current. Subsequently, 
when the ions leave the discharge gap and are neutralized on the elec- 
trodes, the negative corona can be reignited, and the cycle again can be 
repeated. 


9.2.5 Pulsed Corona Discharges Sustained by Nanosecond Pulse 
Power Supplies 


The key element of these corona discharge systems is the nanosecond pulse 
power supply, which generates pulses with duration in the range 100-300 
ns, sufficiently short to avoid the corona-to-spark transition. Also the power 
supply should provide a pretty high voltage rise rate (0.5-3 kV/ns), which 
results in higher corona ignition voltage, and higher power. As illustration 
of this effect, Figure 9.3 shows the corona inception voltage as a function 
of the voltage rise rate (Mattachini et al., 1996). The high voltage rise rates 
and hence higher voltages and mean electron energies in the pulsed corona 
also results in better efficiency of several plasma-chemical processes requiring 
higher electron energies. In these plasma-chemical processes, such as plasma 
cleansing of gas and liquid steams, high values of mean electron energy are 
necessary to decrease the fraction of the discharge power going to vibrational 
excitation of molecules, and stimulate ionization and electronic excitation 
and dissociation of molecules. The nanosecond pulse power supply relevant 
to application in pulse corona discharges can be organized in many differ- 
ent ways. Especially of note is the application of Marx generators, simple 
and rotating spark gaps, electronic lamps, thyratrones, and thyristors with 
possible further magnetic compression of pulses (see, e.g., Pu and Woskov, 
1996). Application of transistors for the high voltage pulse generation is also 
done. Consider the pulse power supply for a corona discharge based on 
the thyristor-triggered spark gap, which switches the capacitor (van Veld- 
huizen et al., 1996; Zhou and van Veldhuizen, 1996). The general scheme 
of this power supply is illustrated in Figure 9.4; the generated voltage and 
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FIGURE 9.3 
Corona inception voltage as a function of the voltage raise rate. 


current wave shapes are shown in Figure 9.5. The high voltage transformer 
provides a 70 kV voltage pulse with a rise time about 100 ns and half-width 
180ns. 

The maximum pulse voltage rise rate was not very high in these experi- 
ments (0.7 kV/ns) due to the large inductance of the transformer; this also 
resulted in a long and decayed oscillation on the tail of the voltage pulse. 
Compare this with the voltage rise rate claimed by Mattachini et al. (1996), 
which exceeded 3 kV/ns. The half-widths of their corona current pulses were 
140-150ns, which was sufficient to prevent the corona-to-spark transition. 
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FIGURE 9.4 
Electrical circuit for the production of high-voltage pulses with a DC bias. 
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FIGURE 9.5 
Current and voltage evolution in pulsed corona. 


To reach higher current pulses and increase the pulse energy, a DC-bias volt- 
age can be effectively added (see Figure 9.4). At a DC-bias voltage of about 
20kV, the single pulse energy of the corona is about 0.3-1 J/m (Mattachini 
et al., 1996; Zhou and van Veldhuizen, 1996). The power of a pulsed corona 
is usually varied by changing the pulse frequency. In the referred systems, 
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frequencies were up to 300 kHz, which yields power of 3 W per 1 cm of wire. 
This specific power of the pulsed corona discharge is 15 times larger than that 
of continuous corona. The repetition frequency of high voltage pulses could 
be higher, which provides the possibility of further increase of specific power 
of pulsed corona discharges. The power supply with a magnetic pulse com- 
pression system delivers up to 35 kV, 100 ns pulses at repetition rates up to 
1.5 kHz (Penetrante, 1998). In general, the total power of the pulsed coronas 
can be increased by increasing the length of the wire and reach high values 
for nonthermal atmospheric pressure discharges. Thus, the pulsed corona 
discharge described by Mattachini et al. (1996), should operate at powers 
exceeding 10 kW, and the one presented by Korobtsev et al. (1997) is able to 
operate at a power level of 30 kW. The pulsed corona can be relatively pow- 
erful, luminous, and quite nice looking, which is more or less illustrated in 
Figure 9.6. More information about the physical aspects and applications of 
the pulsed corona discharge can be found in the publications of Penetrante 
and Schulteis (1993). 


9.2.6 Specific Configurations of the Pulsed Corona Discharges 


The most typical configurations of the pulsed corona as well as contin- 
uous corona discharges are based on using thin wires, which maximizes 


FIGURE 9.6 
Pulsed corona discharge. 
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FIGURE 9.7 
Pulsed corona discharge in wire cylinder configuration with preheating, developed at the 
University of Illinois at Chicago. 


the active discharge volume (see Section 9.1.5). One of these configura- 
tions is illustrated in Figure 9.7. Limitations of the wire configuration of 
the corona are related by the durability of the electrodes and also by non- 
optimal interaction of discharge volume with incoming gas flow. Another 
corona configuration, based on multiple stages of pin-to-plate electrodes is 
useful, see Figure 9.8 (Park et al., 1998). This system is durable, see Figure 
9.9, and able to provide good interaction of the incoming gas stream 
with the active corona volume formed between the electrodes with pins 
and holes. The pulse corona was successfully combined with catalysis to 
achieve improved results in the plasma treatment of automotive exhausts 
(Penetrante et al., 1998), and for hydrogen production from heavy hydro- 
carbons (Sobacchi et al., 2001). Another technological hybrid is the pulsed 
corona coupled with water flow. Such a system can be arranged either 
in the form of shower, which is called the spray corona or with a thin 
water film on the walls, which is usually referred to as wet corona 
(see Figure 9.10). 
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(a) Side view 


Top view 


Gas in 


FIGURE 9.8 

(a) Schematic diagram of electrodes and mounting blocks and (b) cross-sectional view of the 
assembled plasma reactor and incoming gas stream. a—anode plates; b—cathode plate; c— 
mounting block; d—holes for gas flow; e—holes for connecting post; f—connection wings. 
(Adapted from Mutaf-Yardimci et al., 1998. Plasma Exhaust after Treatment, SAE SP-1395.) 
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FIGURE 9.9 
Illustration of interaction of incoming gas stream with corona discharge formed between the 
electrodes with pins and holes. 


E 
9.3 Dielectric-Barrier Discharge 
9.3.1 General Features of the Dielectric-Barrier Discharge 


The corona-to-spark transition at high voltage is prevented in pulsed corona 
discharges by employing special nanosecond pulse power supplies. An 
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FIGURE 9.10 
(a) Wet and (b) spray corona discharge developed at the University of Illinois at Chicago. 


alternate approach to avoid formation of sparks and current growth in the 
channels formed by streamers is to place a dielectric barrier in the dis- 
charge gap. This is the principal idea of the dielectric barrier discharges 
(DBD). The presence of a dielectric barrier in the discharge gap precludes 
DC operation of DBD and usually operates at frequencies between 0.5 and 
500 kHz. Sometimes dielectric-barrier discharges are also called silent dis- 
charges. This is due to the absence of sparks, which are accompanied by local 
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overheating, generation of local shock waves, and noise. An advantage of 
the DBD is the simplicity of its operation. It can be employed in strongly 
nonequilibrium conditions at atmospheric pressure and at reasonably high 
power levels without using sophisticated pulse power supplies. Today the 
DBD finds large-scale industrial use for ozone generation (Kogelschatz, 
1988; Kogelschatz and Eliasson, 1995), also see Figure 9.11. These dis- 
charges are industrially applied as well in CO? lasers, and as a UV-source 
in excimer lamps. DBD application for pollution control and surface treat- 
ment is promising, but the largest DBD application is related to plasma 
display panels for large-area flat television screens. Contributions to under- 
standing and industrial applications of DBD were made by Kogelschatz 
and Eliasson and their group at ABB (see, e.g., Kogelschatz et al., 1997). 
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FIGURE 9.11 
Schematic diagram of discharge tubes and photograph of large ozone generator at the Los Angeles 
Aqueduct Filtration Plant. 
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The DBD has a long history. It was first introduced by Siemens (1857) to 
create ozone, which determined the main direction for investigations and 
applications of this discharge for many decades. Important steps in under- 
standing the physical nature of the DBD were made by Buss (1932) and 
Klemenc et al. (1937). Their works showed that this discharge occurs in a 
number of individual tiny breakdown channels, which are referred to as 
microdischarges. 


9.3.2 General Configuration and Parameters of the DBD 


The dielectric barrier discharge gap usually includes one or more dielec- 
tric layers, which are located in the current path between metal electrodes. 
Two specific DBD configurations, planar and cylindrical, are illustrated in 
Figure 9.12. Typical clearance in the discharge gaps varies from 0.1 mm to 
several centimeters. Breakdown voltages of these gaps with dielectric barriers 
are practically the same as those between metal electrodes. If the dielectric- 
barrier discharge gap is a few millimeters, the required AC driving voltage 
with frequency 500 Hz to 500 kHz is typically about 10 kV at atmospheric pres- 
sure. The dielectric barrier can be made from glass, quartz, ceramics, or other 
materials of low dielectric loss and high breakdown strength. Then a metal 
electrode coating can be applied to the dielectric barrier. The barrier—electrode 
combination also can be arranged in the opposite manner, for example, metal 
electrodes can be coated by a dielectric. Steel tubes coated by an enamel 
layer can be effectively used in the DBD. Special asymmetric DBD con- 
figuration has been discussed in Section 6.4.11 regarding plasma effects in 
aerodynamics. 
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Common dielectric-barrier discharge configurations. 
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9.3.3 Microdischarge Characteristics 


The dielectric-barrier discharge proceeds in most gases through a large num- 
ber of independent current filaments usually referred to as microdischarges. 
From a physical point of view these microdischarges are actually streamers 
that are self-organized taking into account charge accumulation on the dielec- 
tric surface. Typical characteristics of the DBD microdischarges ina 1-mm gap 
in atmospheric air are summarized in Table 9.1. 

The snapshot of the microdischarges in a 1-mm DBD air gap photo- 
graphed through a transparent electrode is shown in Figure 9.13. As seen, 
the microdischarges are spread over the whole DBD zone quite uniformly. 
Impressions of the microdischarges left on a photographic plate with the 
emulsion facing the discharge gap and the glass plate serving as the 


TABLE 9.1 
Typical Parameters of a Microdischarge 
Lifetime 1-20 ns Filament radius 50/100 um 
Peak current O1A Current density 0.1/1 kA cm7? 
Electron density 1014/1015 cm3 Electron energy 1-10 eV 
Total transported charge 0.1-1 nC Reduced electric E/n = (1/2) (E/n) Paschen 
field 
Total dissipated energy 5 pJ Gas temperature Close to average, about 300 K 
Overheating 5K 
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FIGURE 9.13 
End-on view of microdischarges. Original size 6 x 6cm. Exposure time 20 ms. 
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dielectric barrier are shown in Figure 9.14. The extinguishing voltage of 
microdischarges is not far below their ignition voltage. Charge accumula- 
tion on the surface of the dielectric barrier reduces the electric field at the 
location of a microdischarge. This results in current termination within just 
several nanoseconds after breakdown (see Table 9.1). The short duration of 
microdischarges leads to very low overheating of the streamer channel, and 
the DBD plasma remains strongly nonthermal. New microdischarges then 
occur at new positions because the presence of residual charges on the dielec- 
tric barrier reduced the electric fields at the locations where microdischarges 
have already occurred. However, when the voltage is reversed, the next 
microdischarges will be formed for the same reason in the old locations. 
As a result, the high voltage, low frequency DBDs have a tendency of 
spreading microdischarges, while low voltage high frequency DBDs tend to 
reignite the old microdischarge channels every half-period. The AC-plasma 
displays uses this memory phenomenon based on charge deposition on 
the dielectric barrier. The principal microdischarge properties for most of 
frequencies do not depend on the characteristics of the external circuit, 
but only on the composition, pressure, and the electrode configuration. An 
increase of power just leads to generation of a larger number of microdis- 
charges per unit time, which simplifies scaling of the dielectric-barrier 
discharges. Modeling of the microdischarges is related to the analysis of the 
avalanche-to-streamer transition and streamer propagation, see Section 4.4. 
Two-dimensional (2D) modeling of formation and propagation of streamers 
can be found in Kunchardt and Tzeng (1988), Marode et al. (1995), Dali and 
Williams (1987), Yoshida and Tagashira (1979), Kulikovsky (1994), Babaeba 
and Naidis (1996), Morrow and Lowke, (1997), Vitello et al. (1994). More 
detailed DBD analysis of streamers includes charge accumulation on the 


FIGURE 9.14 
Lightenberg figure showing footprints of individual microdischarges. Original size 7 x 10 cm. 
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dielectric barrier (see Fliasson and Kogelschatz, 1991; Pietsch et al., 1993). 
It shows that the arrival of a cathode-directed streamer to the dielectric 
barrier creates within a fraction of a nanosecond, a cathode layer with a 
thickness about 200 1m and an extremely high electric field of several thou- 
sands volts per centimeter Torr. The time and space evolution of such a 
streamer is presented in Figure 9.15. An interesting phenomena can occur 
due to the mutual influence of streamers in a DBD. These are related to the 
electrical interaction of streamers with residual charge left on the dielec- 
tric barrier and with the influence of excited species generated in one 
streamer on the propagation of another streamer (Xu and Kuchner, 1998; 
Iskenderova, 2001). 


9.3.4 Surface Discharges 


Related to the DBD are surface discharges, generated at dielectric surfaces 
imbedded by metal electrodes in a different way. The dielectric surface essen- 
tially decreases the breakdown voltage in such systems because of the creation 
of significant nonuniformities of the electric field and hence creates a local 
overvoltage. The surface discharges as well as DBD can be supplied by AC 


3.5 x 108 1.4 x 101° 14 ns 1.4 x10! 


30 ns 1.9 x 104 40 ns 3.4 x 1014 100 ns 7.4 x 1014 


FIGURE 9.15 

Development of a microdischarge in an atmospheric pressure H? /CO2 mixture (4/1). The 1-mm 
discharge gap is bounded by a plane metal cathode (left) and a 0.8 mm thick dielectric of € = 3 
(right). A constant voltage is applied that results in an initially homogeneously reduced field of 
125 T in the gas space, which corresponds to an overvoltage of 90% in this mixture. The numbers 
in the right upper corner indicates the maximum electron density per cubic centimeter reached 
in that picture. The maximum current of 35 mA is reached at 40 ns. 
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FIGURE 9.16 
(a) Schematic diagram and (b) emission photograph of a pulse surface discharge. (1) Initiating 
electrode, (2) dielectric, and (3) shielding electrode. 


or pulsed voltage. A very effective decrease of the breakdown voltage can 
be reached in the surface discharge configuration, where one electrode just 
lies on the dielectric plate, with another one partially wrapped around as 
is shown in Figure 9.16a (Borisov and Khristoforov, 2001). This discharge is 
called sliding discharge. It can be pretty uniform in some regimes on the 
dielectric plates of high surface area with linear sizes over 1 m at voltages 
not exceeding 20 kV (see Figure 9.16b). The component of electric field Ey 
normal to the dielectric surface plays an important role in generation the 
pulse-periodic sliding discharge that does not depend essentially on the dis- 
tance | between electrodes along the dielectric (x-axis in Figure 9.16a). For 
this reason, breakdown voltages of the sliding discharge do not follow the 
Paschen law (see Section 4.4.2). As an example, the breakdown curve for the 
sliding discharge in air is given in Figure 9.17. One can achieve two quali- 
tatively different modes of the surface discharges by changing the applied 
voltage amplitude: (1) complete surface discharge (sliding surface spark) and 


Paraffin 


FIGURE 9.17 
Breakdown voltage in air along different insulation cylinders (d = 50mm, f = 50 Hz). 
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FIGURE 9.18 
(a) Incomplete and (b) complete surface discharges (He, p = 1 atm, 5,d = 0.5mm, pulse frequency 
6 x 10!5 Hz). 


(2) incomplete surface discharge (sliding surface corona). Pictures of both 
complete and incomplete surface discharges are presented in Figure 9.18. 
The sliding surface corona discharge takes place at voltages below the critical 
breakdown value. The current in this discharge regime is low and limited 
by charging the dielectric capacitance. Active volume and luminosity of this 
discharge is localized near the igniting electrode and does not cover all the 
dielectric. The sliding surface spark (or the complete surface discharge) takes 
place at voltages exceeding the critical voltage corresponding to breakdown. 
In this case, the formed plasma channels actually connect electrodes of the 
surface discharge gap. At low overvoltages, the breakdown delay is of about 
lus. In this case, the many step breakdown phenomenon starts with the 
propagation of a direct ionization wave, which is followed by possibly a 
more intense reverse wave related to the compensation of charges left on the 
dielectric surface. After about 1 us, the complete surface discharge covers the 
entire electrodes of the discharge gap. The sliding spark at low overvoltage 
usually consists of only one or two current channels. At higher overvolt- 
ages, the breakdown delay becomes shorter reaching the nanosecond time 
range. In this case, the complete discharge regime takes place immediately 
after the direct ionization wave reaches the opposite electrode. The surface 
discharge consists of many current channels in this regime. In general, the slid- 
ing spark surface discharge is able to generate the luminous current channels 
of very sophisticated shapes, usually referred to as the Lichtenberg figures. 
Some simple, but nontypical examples of the Lichtenberg figures are shown in 
Figure 9.14. The number of the channels r depends on the capacitance factor 
e/d (ratio of dielectric permittivity to the thickness of dielectric layer), which 
determines the level of electric field on the sliding spark discharge surface. 
This effect is illustrated in Figure 9.19 and is important in the formation of 
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FIGURE 9.19 
Linear density of channels n (1 and 2) and surface coverage by plasma K (3 and 4) as a function 
of inverse dielectric thickness d~!. He (1 and 3), air (2 and 4). 


large area surface discharges with homogeneous luminosity, see Baselyan and 
Raizer (1977). 


9.3.5 Packed-Bed Corona Discharge 


The packed-bed corona is an interesting combination of the DBD and the 
sliding surface discharge. In this system, high AC voltage (about 15-30 kV) 
is applied to a packed bed of dielectric pellets and creates a nonequilibrium 
plasma in the void spaces between the pellets (Birmingham and Moore, 1990; 
Heath and Birmingham, 1995). The pellets effectively refract the high volt- 
age electric field, making it essentially nonuniform and stronger than the 
externally applied field by a factor of 10-250 times depending on the shape, 
porosity, and dielectric constant of the pellet material. A typical scheme for 
organizing a packed-bed corona is shown in Figure 9.20a and a picture of the 
discharge is presented in Figure 9.20b. The discharge chamber shown in the 
figure is shaped as coaxial cylinders with an inner metal electrode and an 
outer tube made of glass. The dielectric pellets are placed in the annular gap. 
A metal foil or screen in contact with the outside surface of the tube serves as 
the ground electrode. The inner electrode is connected to a high voltage AC 
power supply operated on the level of 15-30 kV at a fixed frequency of 60 Hz 
or at variable frequencies. The glass tube serves in this discharge system as a 
dielectric barrier to inhibit direct charge transfer between electrodes and as a 
plasma-chemical reaction vessel. 
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FIGURE 9.20 
UIC’s packed-bed corona. (a) Schematic diagram and (b) photograph. 


9.3.6 Atmospheric Pressure Glow Modification of the DBD 


The principal concepts and physical effects regarding the atmospheric 
pressure glow discharges were already discussed in the Section 7.5.6. Such 
discharges can be effectively organized in a DBD configuration. In this case, 
the key difference is related to using only special gases, for example, helium. 
The atmospheric pressure glow DBD modification permits arranging the bar- 
rier discharge homogeneously without streamers and other spark-related 
phenomena. Practically, it is important that the glow modification of DBD 
can be operated at much lower voltages (down to hundreds of volts) with 
respect to those of traditional DBD conditions. A detailed explanation of 
the special functions of helium in the atmospheric pressure glow discharge 
is not known. However, it is clear that these are related mostly to the fol- 
lowing effects. First, it is related to the high electronic excitation levels of 
helium and the absence of electron energy losses on vibrational excitation. 
This leads to high values of electron temperatures at lower levels of the 
reduced electric field. To see this effect, compare the reduced electric fields 
necessary to sustain glow discharges in inert and molecular gases, shown 
in Figures 7.12 and 7.13. Second, it is related to heat and mass transfer 
processes that are relatively fast in helium. This prevents contraction and 
other instability effects in the glow discharge at high pressures. One can 
state that streamers are overlapping in this case. The same processes can 
be important in preventing the generation of space-localized streamers and 
sparks. An important role in avoiding narrow streamers is played by the 
“memory effect’; this is the influence of particles generated in a previous 
streamer on a subsequent streamer. The memory effect can be related to 
metastable atoms and molecules and to electrons deposited on the dielectric 
barrier (see Lacour and Vannier, 1987; Kanazawa et al., 1988; Honda et al., 
2001). 
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9.3.7 Ferroelectric Discharges 


Special properties of DBD can be revealed by using ferroelectric ceramic mate- 
rials of a high dielectric permittivity (e above 1000) as the dielectric barriers 
(see, e.g., Szymanski, 1985; Opalinska and Szymanski, 1996). Today, ceramics 
based on BaTiO} are the most employed ferroelectric material for DBD. To 
illustrate the peculiarities of the ferroelectric discharge, recall that the mean 
power of the dielectric-barrier discharges can be determined by the equation 
(see, e.g., Samoylovich et al., 1989): 


(9.3.1) 


C4+C 
P = 4f Cav (V - Va g £). 


Here f is the frequency of applied AC voltage; V is amplitude value of the 
voltage; Vor is the critical value of the voltage corresponding to breakdown of 
the discharge gap; Cg and Cg are the electric capacities of a dielectric barrier 
and gaseous gap respectively. When the dielectric barrier capacity exceeds 
that of the gaseous gap Cg > Cg, the relation for discharge power can be 
simplified: 


P = 4f CaV(V — Va). (9.3.2) 


From Equation 9.3.2, high values of dielectric permittivity of the ferro- 
electric materials are helpful in providing relatively high discharge power 
at relatively low values of frequency and applied voltage. The ferroelectric 
discharge based on BaTiO}, which employs a ceramic barrier with a dielectric 
permittivity e exceeding 3000, thickness 0.2-0.4 cm and gas discharge gap 0.02 
cm operates effectively at an AC frequency of 100 Hz, voltages below 1 kV 
and electric power of about 1 W (Opalinska and Szymanski, 1996). Such dis- 
charge parameters are of particular interest for special practical applications 
such as in medicine, where low voltage and frequency are very desirable for 
reasons of safety and simplicity, and high discharge power is not required. 
Physical peculiarities of the ferroelectric discharges are related to the physical 
nature of the ferroelectric materials, which can be spontaneously polarized in 
a given temperature interval. Such spontaneous polarization means that the 
ferroelectric materials can have a nonzero dipole moment even in the absence 
of external electric field. The electric discharge phenomena accompanying 
contact of a gas with a ferroelectric sample were first observed in detail by 
Robertson and Baily (1965). The first qualitative description of this sophisti- 
cated phenomenon was developed by Kusz (1978). The long-range correlated 
orientation of dipole moments can be destroyed in ferroelectrics by thermal 
motion. The temperature at which the spontaneous polarization vanishes is 
called the temperature of ferroelectric phase transition or the ferroelectric 
Curie point. When the temperature is below the ferroelectric Curie point, the 
ferroelectric sample is divided into macroscopic uniformly polarized zones 
called the ferroelectric domains and is illustrated in Figure 9.21. From this 
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FIGURE 9.21 
Schematic of ferroelectric domain arrangement. 


figure, it is seen that the directions of the polarization vectors of individual 
domains in the equilibrium state are set up in such a way as to minimize inter- 
nal energy of the crystal and to make polarization of the sample as a whole 
close to zero. Application of an external AC voltage leads to overpolarization 
of the ferroelectric material and reveal strong local electric fields on the sur- 
face. As was shown by Hinazumiet al. (1973), these local surface electric fields 
can exceed 10° V/cm, which stimulate the discharge on ferroelectric surfaces. 
Thus, the active volume of the ferroelectric discharge is located in the vicinity 
of the dielectric barrier, which is essentially the narrow interelectrode gap 
typical for the discharge. In this case, scaling of the ferroelectric discharge can 
be achieved by using some special configurations. One such special discharge 
configuration comprises a series of parallel thin ceramic plates. High dielec- 
tric permittivity of ferroelectric ceramics enables such multilayer sandwich to 
be supplied by only two edge electrodes. Another interesting configuration 
can be arranged by using a packed bed of the ferroelectric pellets. In the same 
manner as was described in Section 9.3.5, nonequilibrium plasma is created 
in such a system in the void spaces between the pellets. 


9.4 Spark Discharges 


9.4.1 Development of a Spark Channel: Back Wave of Strong 
Electric Field and lonization 


When streamers provide an electric connection between electrodes and nei- 
ther a pulse power supply nor a dielectric barrier prevents further growth 
of current, it opens an opportunity for development of a spark. The ini- 
tial streamer channel does not have a very high conductivity and usually 
provides only a very low current of about 10 mA. The potential of the head 
of the cathode-directed streamer is close to the anode potential. This is the 
region of strong electric field around the streamer’s head. While the streamer 
approaches the cathode, this electric field is obviously growing. It stimulates 
intense formation of electrons on the cathode surface and its vicinity and 
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subsequently their fast multiplication in this elevated electric field. New ion- 
ization waves more intense than the original streamer start propagating along 
the streamer channel but in opposite direction from the cathode to anode. This 
is referred to as the back ionization wave, and propagates back to the anode 
with high velocity about 10° cm/s. The high velocity of the back ionization 
wave is not directly the velocity of electron motion, but rather the phase 
velocity of the ionization wave. The back wave is accompanied by a front of 
intense ionization and formation of a plasma channel with sufficiently high 
conductivity to form a channel for the intense spark. 


9.4.2 Expansion of Spark Channel and Formation of an Intense Spark 


The high-density current initially stimulated in the spark channel by the back 
ionization wave results in intense Joule heating, growth of the plasma tem- 
perature, and a contribution of thermal ionization. Gas temperatures in the 
spark channel reach 20,000 K, electron concentration rise to about 10!7cm73, 
which is already close to complete ionization. Electric conductivity in the 
spark channel at such a high level of degree ionization is determined by 
coulomb collisions and actually does not depend on electron density (see Sec- 
tion 4.3.5). According to Equation 4.3.23, the conductivity can be estimated in 
this case as 107 ohm™! cm~". Further growth of the spark currentis related not 
to an increase of the ionization level and conductivity, but just to the expan- 
sion of the channel and the increase of its cross section. The fast temperature 
increase in the spark channel leads to sharp pressure growth and to genera- 
tion of a cylindrical shock wave. The amplitude of the shock wave is so high 
that the temperature after the wave front is sufficient for thermal ionization. 
The external boundary of the spark current channel at first grows together 
with the front of the cylindrical wave. During the initial 0.1-1 us after the 
breakdown point, the current channel expansion velocity is about 10° cm/s. 
Subsequently, the cylindrical shock wave decreases in strength and the expan- 
sion of the current channel becomes slower than the shock wave velocity. The 
radius of the spark channel grows to about 1 cm, which corresponds to a spark 
current increase of 10*-10° A at current densities of about 10* A/cm. Plasma 
conductivity grows relatively high and a cathode spot can be formed on the 
electrode surface (see Section 8.3.5). Interelectrode voltage decreases lower 
than the initial one, and the electric field becomes about 100 V/cm. If volt- 
age is supplied by a capacitor, the spark current obviously starts decreasing 
after reaching the maximum values, see Drabkina (1951), Braginsky (1958), 
Baselyan and Raizer (1997). 


9.4.3 Atmospheric Phenomena Leading to Lightning 


Lightning is a large-scale natural spark discharge, occurring between a 
charged cloud and the earth, between two clouds, or internally inside of a 
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cloud. Lightning is caused by high electric fields related to the formation and 
space separation in the atmosphere of positive and negative electric charges. 
Therefore, the consideration of lightning will begin with an analysis of the 
processes of formation and space separation of the charges in atmosphere 
(Frenkel, 1949; Uman, 1969). The formation of electric charges in the atmo- 
sphere is due mainly to ionization of molecules or microparticles by cosmic 
rays. Generation of electric charges can also take place during the collisional 
decay of water droplets. However, what is actually important for the inter- 
pretation of lightning is the fact that the negative charge in the thundercloud 
is located in the bottom part of the cloud and positive charge mostly located 
in the upper part of the cloud. To explain this phenomenon, remember that 
polar water molecules on the water surface are mostly aligned with their 
positive ends oriented inward from the water surface. This effect related to 
the hydrogen bonds between water molecules is illustrated in Figure 9.22. 
Such orientation of the surface water molecules leads to the formation of a 
double electric layer on the surface of droplets with a voltage drop experi- 
mentally determined as Ag = 0.26 V. This double layer predominantly traps 
negative ions and reflects positive ions until their charge Ne compensates for 
the voltage drop 


_, Ancor Ag 


N (9.4.1) 


e 

The simple calculation based on Equation 9.4.1 shows that a droplet with a 
radiusr = 10 um is able to absorb about 2000 negative ions. Thus, the negative 
ions in clouds are trapped in droplets and descend, while positive ions remain 
in molecular or cluster form and remain in the upper areas of a cloud. As a 
result, a typical charge distribution in a cloud appears as shown in Figure 9.23 
(Uman, 1969). The charge distribution in a thundercloud explains why most 
lightning discharges occur inside the clouds. 
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FIGURE 9.22 
Illustration of a water droplet trapping negative ions. 
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FIGURE 9.23 

Probable charge distribution in thundercloud. Black dots mark centroids of charge clouds. 
According to measurements of electric fields around clouds, P = +40°C above, p = +10°C below, 
and N = —40°C. 


9.4.4 Lightning Evolution 


Typical duration of the lightning discharge is about 200 ms. The sequence of 
events in this natural modification of the long spark discharge is illustrated 
in Figure 9.24. The lightning actually consists of several pulses with dura- 
tion about 10 ms each, and intervals about 40 ms between pulses. Each pulse 
starts with propagation of a leader channel (see Section 4.4.9) from the thun- 
dercloud to the earth. Current in the first negative leader is relatively low 
about 100 A. This leader, called the multistep leader, has a multistep struc- 
ture with a step length about 50 m and an average velocity 1—2 x 107 cm/s. 
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FIGURE 9.24 
Illustration of lightning evolution. 


594 Plasma Physics and Engineering 


The visible radius of the leader is about 1 m and the radius of the current- 
conducting channel is smaller. Leaders initiating sequential lightning pulses 
usually propagate along channels of the previous pulses. These leaders are 
called dart leaders; they are more spatially uniform than the initial one and 
are characterized by a current of about 250 A and higher propagation veloc- 
ities, 108-10? cm/s. When the leader approaches the earth, the electric field 
increases between them, which results in the formation of a strong ionization 
wave moving in opposite direction back to the thundercloud. This extremely 
intense ionization wave is usually referred to as the return stroke. The physi- 
cal nature of the return stroke is similar to that of the back ionization wave in 
laboratory spark discharges, see Section 9.4.1. The return stroke is the main 
phase of the lightning discharge. In this case, the velocity of the ionization 
wave reaches gigantic, almost relativistic values of 0.1-0.3 times the speed of 
light. Maximum current reaches 100 kA, which is actually the most danger- 
ous effect of lightning. Temperature in the lightning channel reaches 25,000 
K; electron concentration approaches 1—5 x 1017 cm~3, which corresponds to 
complete ionization. The electric field on the front of the return stroke is quite 
high, about 10 kV/cm (for comparison, electric fields in arcs in air are about 
10 V/cm). Taking into account the high values of current leads to the gigan- 
tic values of specific power on the front of the return stroke, about 3 x 10° 
kW//cm (for comparison, in electric arcs in air, this is about 1 kV/cm). Intense 
and fast heat release leads to strong pressure increases in the current channel 
of a lightning discharge and hence to a shock wave generation which is heard 
as thunder. Intense heat release leads to fast expansion of the initial current 
channel (see Section 9.4.2) during the propagation of the return stroke and to 
the formation a developed spark channel. Through this channel some portion 
of the negative electric charge goes to the earth during about 40 ms. Electric 
currents through the spark channel during this 40 ms period is about 200 A. 
Remember that negative charges are located in the lower part of the thunder- 
cloud, mostly in the form of clusters or charged microparticles. These have low 
conductivity and are unable to be quickly evacuated from the cloud through 
the spark channel. Hence, the evacuation of the negative charges takes place 
due to preliminary liberation of electrons from ions and microparticles under 
the influence of the strong electric field. The lightning discharge consists of 
several pulses. Each pulse, results in transfer to the earth of only a part of 
the negative charge collected in the thundercloud. It collects negative charges 
only from the area close to where the return strike attacks the cloud. Then 
the lightning discharge temporarily extinguishes (intervals between pulses 
is about 40 ms) until electric charges redistribute themselves in the cloud by 
means of internal breakdowns. The conductivity in the spark channel of the 
previous pulse has already decreased significantly when the internal charge 
distribution in a thundercloud is restored after about 40 ms and the system 
is ready for a new pulse. The new lightning pulse starts again with a leader 
propagating along the remains of the previous one. The new leader does not 
have a multistep structure, it is a dart leader. When the dart leader reaches 
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the earth, it stimulates the formation of the second return stroke, and the 
cycle repeats again. The sequence of the lightning pulses continues for about 
200 ms until most of the negative charge from the cloud reaches the earth. 
Note that the positive charges located in the upper parts of the thundercloud 
(Figure 9.23) mostly stay there, because the distance between these charges 
and the earth is too large for breakdown, see Baselyan and Raizer (2001). 


9.4.5 Mysterious Phenomenon of Ball Lightning 


Even a short discussion on lightning cannot be complete without mentioning 
the interesting and mysterious phenomenon of ball lightning. Ball lightning is 
a rare natural phenomenon; the luminous plasma sphere occurs in the atmo- 
sphere, moves in unpredictable directions (sometimes against direction of 
wind), and finally disappears sometimes with an explosive release of a consid- 
erable amount of energy. Ball lightning has some special, nontrivial oddities, 
including the ability of the plasma sphere to move through tiny holes, pos- 
sible explosion heat release exceeding all reasonable estimations of energy 
contained inside of the ball, and so on. Difficulties in interpretation are mostly 
due to difficulties to observe this rare phenomenon in nature or in the labora- 
tory. Some unique pictures of the ball lightning together with contradicting 
scientific descriptions of their observation can be found on the World Wide 
Web. An example of an interesting and good quality color picture of the ball 
lightning is shown in Figure 9.25. There are several hypotheses describing the 
ball lightning phenomenon. The most developed one is the so-called chemical 
model. This model was first proposed by Arago (1839). Subsequently, it was 
developed by many researches and summarized in detail by Smirnov (1975, 
1977). The chemical model assumes the production of some excited, ionized, 
or chemically active species in the channel of a regular lightning followed 


FIGURE 9.25 
Ball lightning. 
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by exothermic reaction between them, leading to the formation of luminous 
spheres of ball lightning. There is disagreement about how the energy accu- 
mulates. According to some authors, accumulation of energy is provided 
by positive and negative complex ions (Stakhanov, 1973, 1974). Others hold 
ozone, nitrogen oxides, hydrogen, and hydrocarbons as energy sources for 
the ball lightning (Dmitriev, 1967, 1969; Smirnov, 1975, 1977). The typical ball 
lightning’s spherical shape is related in the framework of the chemical model 
to heat and mass balances of the process. Fuel generated by regular lightning is 
distributed over volumes much exceeding those of the ball lightning. Steady- 
state exothermic reactions takes place inside of asphere. Fresh reagents diffuse 
into the sphere while heat transfer provides an energy flux from the sphere to 
sustain the steady-state process. Analysis of the steady-state spherical wave 
for describing the shape of ball lightning was done by Rusanov and Fridman 
(1976a,b). This steady-state “combustion” sphere moves (in slightly nonuni- 
form conditions) in the direction corresponding to the growth of temperature 
and “fuel” concentration. This explains possible observed motion of ball light- 
ning in the opposite direction to that of the wind. The high energy release 
during a ball lightning explosion can be explained noting that the explosion 
occupies much larger volume than the initial one related to the region of the 
steady-state exothermic reaction, see Leonov (1965), Singer (1973), Stakhanov 
(1976), Barry (1980), and Stenhoff (2000). 


9.4.6 Laser-Directed Spark Discharges 


Modification of sparks can be done by synergetic application of high volt- 
ages with laser pulses (Vasilyak et al., 1994; Asinovsky and Vasilyak, 2001). 
A simplified scheme of this discharge system is illustrated in Figure 9.26. 
Laser beams can direct spark discharges not only along straight lines but also 
along more complicated trajectories. Laser radiation is able to stabilize and 
direct the spark discharge channel in space through three major effects: local 
preheating of the channel, local photoionization, and optical breakdown of 
gas. Preheating of the discharge channel creates a low gas density zone, lead- 
ing to higher levels of reduced electric field E/no, which is favorable, as a 
result, for spark propagation. This effect works best if special additives pro- 
vide the required absorption of the laser radiation. For example, if CO3 laser is 
used for preheating, a strong effect on the corona discharge can be achieved 
when about 15% ammonia (which effectively absorbs radiation on wave- 
length 10.6 um) is added to air. At a laser radiation density about 30 J/cm?2, 
the breakdown voltage in the presence of ammonia decreases by an order 
of magnitude. The maximum length of the laser-supported spark was up to 
1.5 m. Effective stabilization of the spark discharges by CO) laser in air was 
also achieved by admixtures of CoH2,CH30H, and CH2CHCN. Photoioniza- 
tion by laser radiation is able to stabilize and a direct corona discharge without 
significantly changing the gas density by means of local preionization of the 
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FIGURE 9.26 

(a) Schematic diagram and (b) photographs of the laser directed spark. (1) Laser beam, (2) lens, 
(3) voltage pulse generator, (4 and 5) powered and grounded electrodes, (6) resistance, (7) optical 
breakdown zone, (8) discharge zone. Discharges on the pictures are 1 m and 3 m long; bright 
right-hand spot is a high voltage electrode overheated by the laser beam. (Adapted from V.E. 
Fortov (Ed.), Encyclopedia of Low Temperature Plasma. Nauka, Moscow, 2002.) 


discharge channel. UV-laser radiation (e.g., Nd laser or KrF laser) should be 
applied in this case. Ionization usually is related to the two-step photoion- 
ization process of special organic additives with relatively low ionization 
potential. The UV KrF laser with pulse energies of approximately 10 mJ and 
pulse duration of approximately 20 ns is able to stimulate the directed spark 
discharge to lengths of 60 cm. The laser photoionization effect to stabilize and 
direct sparks is limited in air by fast electron attachment to oxygen molecules. 
In this case by photo-detachment of electrons from negative ions can be pro- 
vided by using a second laser radiating in the infrared or visible range. The 
most intense laser effect on spark generation can be provided by the optical 
breakdown of the gases. The length of such a laser spark can exceed 10 m. The 
laser spark in pure air requires a power density of a Nd-laser (à = 1.06 um) 
exceeding 10!!W/cm?. 


EEE 
9.5 Atmospheric Pressure Glow Discharges 
9.5.1 Atmospheric Pressure Glow Mode of DBD 


The glow mode of DBD can be operated at lower voltages (down to hun- 
dreds of volts), and streamers are avoided as the electric fields are below the 
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Meek criterion and discharge operates in the Townsend ionization regime. 
Secondary electron emission from dielectric surfaces, which sustains the 
Townsend ionization regime, relies upon adsorbed electrons (with binding 
energy only about 1 eV) that were deposited during previous DBD excita- 
tion (high voltage) cycle. If enough electrons “survive” voltage-switching 
time without recombining, they can trigger transition to the homogeneous 
Townsend mode of DBD. “Survival” of electrons and crucial active species 
between cycles or the DBD memory effect is critical for organization of 
atmospheric pressure glow discharges (APG), and depends on the prop- 
erties of dielectric surface as well as the operating gas. In electronegative 
gases, the memory effect is weaker because of attachment losses of elec- 
trons. If the memory effect is strong, the transition to Townsend mode can 
be accomplished, and uniform discharge can be organized without stream- 
ers. A streamer DBD is easy to produce, while organization of APG at the 
same conditions is not always possible. This can be explained taking into 
account that the streamer discharge is not sensitive to the secondary elec- 
tron emission from dielectric surface, while it is critical for operation of 
APG. Glow discharges usually undergo contraction with increase of pres- 
sure due to thermal instability. The thermal instability in the DBD—APG is 
somewhat suppressed by using alternating voltage, thus discharge oper- 
ates only when voltage is high enough to satisfy the Townsend criteria, 
and the rest of time the discharge is idle, which allows the dissipation of 
heat and active species. If time between excitation cycles is not enough 
for the dissipation, then an instability will develop and discharge will 
undergo a transition to filamentary mode. The avalanche-to-streamer tran- 
sition in the APG-DBD depends on the level of preionization. Meek criterion 
is related to an isolated avalanche, while in the case of intense preion- 
ization, avalanches are produced close to each other and interact. If two 
avalanches occur close enough, their transition to streamers can be elec- 
trostatically prevented and discharge remains uniform. A modified Meek 
criterion of the avalanche-to-streamer transition can be obtained considering 
two simultaneously starting avalanches with maximum radius R, separated 
by the distance L (a is the Townsend coefficient, d is distance between 
electrodes) 


ad — (R/L)? ~ const, (9.5.1) 
ad ~ const + nE R?d. (9.5.2) 


In Equation 9.5.2, the distance between avalanches is approximated using 
the preionization density n. The constant in Equations 9.5.1 and 9.5.2 
depends on the gas: in air at 1 atm this constant equals to 20. According to the 
modified Meek criterion, the avalanche-to-streamer transition can be avoided 
by increasing the avalanche radius and by providing sufficient preionization. 
The type of gas is important in the transition to the APG. Helium is relevant 
for the purpose: it has high-energy electronic excitation levels and no electron 
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energy losses on vibrational excitation, resulting in higher electron temper- 
atures at lower electric fields. Also, fast heat and mass transfer processes 
prevent contraction and other instabilities at high pressures. 


9.5.2 Resistive Barrier Discharge 


Resistive barrier discharge (RBD) can be operated with DC or AC (60 Hz) 
power supplies, and is based on DBD configuration, where the dielectric 
barrier is replaced by highly resistive sheet (a few MQ/cm) covering one 
or both electrodes. The system can consist of top wetted high resistance 
ceramic electrode and a bottom electrode. The highly resistive sheet plays 
the role of distributed resistive ballast, which prevents high currents and 
arcing. If helium is used and the gap distance is not too large (5 cm and 
below), a spatially diffuse discharge can be maintained in the system for 
several tens of minutes. If 1% of air is added to helium, the discharge 
forms filaments. Even when driven by a DC voltage, the current signal 
of RBD is pulsed with the pulse duration of few microseconds at a rep- 
etition rate of few tens of kilohertz. When the discharge current reaches 
a certain value, the voltage drop across the resistive layer becomes large 
to the point where the voltage across the gas became insufficient to sus- 
tain the discharge. The discharge extinguishes and current drops rapidly, 
then the voltage across the gas increases to a value sufficient to reinitiate 
the RBD. 


9.5.3 One Atmosphere Uniform Glow Discharge Plasma 


One atmosphere uniform glow discharge plasma (OAUGDP) is an APG dis- 
charge developed at the University of Tennessee by Roth and his colleagues. 
OAUGDP is similar to a traditional DBD, but can be much more uniform, 
which has been interpreted by the ion-trapping mechanism. The discharge 
transition from filamentary to diffuse mode in atmospheric air can lead not 
only to the diffuse mode but also to another nonhomogeneous mode where 
the filaments are more numerous and less intense. The stability of the fil- 
aments and transition to uniformity is related to the “memory effect.” In 
particular, electrons deposited on the dielectric surface promote the formation 
of new streamers at the same place again and again by adding their own elec- 
tric fields to the external electric field. The key feature of OAUGDP promoting 
the transition to uniformity may be hidden in the properties of particular 
dielectrics that are not stable in plasma and probably become more conduc- 
tive during a plasma treatment. In particular, plasma can further increase the 
conductivity of borosilicate glass used as a barrier, for example, by UV radia- 
tion. It transforms the discharge into the resistive barrier discharge working at 
a high frequency in a range of 1-15 kHz. Not only volumetric, but also surface 
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conductivity of dielectric can promote the DBD uniformity, if it is in appropri- 
ate range. The “memory effect” can be suppressed by removing the negative 
charge spot formed by electrons of a streamer during the half period of volt- 
age oscillation (i.e., before polarity changes), and the surface conductivity can 
help with this. On the other hand, when the surface conductivity is very high, 
the charge cannot accumulate on the surface during DBD current pulse of sev- 
eral nanoseconds and cannot stop the filament current. Figure 4.25 presents 
the equivalent circuit for one DBD electrode with surface conductivity: for 10 
kHz, it should be 0.1 ms >> RC > 1 ns, where resistances and capacitances are 
determined for the characteristic radius of streamer interaction (about 1 mm). 


9.5.4 Electronically Stabilized Atmospheric Pressure Glow Discharges 


Electronic stabilization of APG has been demonstrated, in particular, by Van 
De Sanden and his team. Uniform plasma has been generated in argon DBD 
during the first cycles of voltage oscillations with relatively low amplitude 
(i.e., ad of about 3). Existence of the Townsend discharge at such low voltage 
requires an unusually high secondary electron emission coefficient (above 
0.1). Such high electron emission and the breakdown during the first low- 
voltage oscillations can be explained, probably, taking into account the low 
surface conductivity of most polymers applied, as barriers in the system have 
very low surface conductivities. Surface charges occurring due to cosmic rays 
can be then easily detached by the applied electric field. Long induction time 
of the dark discharge is not required in this case in contrast to the OAUGDP 
with glass electrodes. Assuming that the major cause of the DBD fulmination 
is instability leading to the glow-to-arc transition, it has been suggested to 
stabilize the glow mode using an electronic feedback to fast current varia- 
tions. The filaments are characterized by higher current densities and smaller 
RC constant. Therefore difference in RC constant can be used to “filter” the 
filaments because they react differently to a drop in the displacement current 
(displacement current pulse) of different frequency and amplitude. A simple 
LC circuit, in which the inductance is saturated during the pulse genera- 
tion, has been used to generate the displacement current pulses. The method 
of electronic uniformity stabilization has been used for relatively high power 
densities (in the range of 100 W/cm’), and ina large variety of gases including 
Ar, No, Oo, and air. 


9.5.5 Atmospheric Pressure Plasma Jets 


The radio frequency (RF) atmospheric glow discharge or atmospheric pres- 
sure plasma jet (APPJ) is one of the most developed APG systems, which has 
been used in particular for the plasma-enhanced chemical vapor deposition 
(PECVD) of silicon dioxide and silicon nitride thin films. The APPJ can be 
organized as planar and coaxial system with the discharge gap of 1-1.6 mm, 


Nonequilibrium Cold Atmospheric Pressure Discharges 601 


and frequency in the megahertz range (13.56 MHz). The APPJ is an RF CCP 
discharge that can operate uniformly at atmospheric pressure in noble gases, 
mostly in helium. In most APPJ configurations, electrodes are placed inside 
the chamber, and not covered by any dielectric in contrast to DBD. The dis- 
charge in pure helium has limited applications; therefore, various reactive 
species such as oxygen, nitrogen, nitrogen trifluoride, and so on, are added. 
To achieve higher efficiency and higher reaction rate, the concentration of the 
reactive species in the discharge has to be increased. If the concentration of the 
reactive species exceeds a certain level (which is different for different species, 
but in all cases is of the order of a few percent), the discharge becomes unsta- 
ble. The distance between electrodes in APP] is usually about 1 mm, which is 
much smaller than size of the electrodes (about 10cm x 10cm). Therefore the 
discharge can be considered as 1D, and effects of the boundaries on the dis- 
charge can be neglected. Electric current in the discharge is sum of the current 
due to the drift of electrons and ions, and the displacement current. Since the 
mobility of the ions is usually 100 times smaller than the electron mobility, the 
current in the discharge is mostly due to electrons. Considering that the typi- 
cal ionic drift velocity in APPJ discharge conditions is about 3 x 104 cm/s, the 
time needed for ions to cross the gap is about 3 us, which corresponds to a fre- 
quency of 0.3 MHz. The frequency of the electric field is much higher, and thus 
ions in the discharge do not have enough time to move, while electrons move 
from one electrode to another as the polarity of the applied voltage changes. 
The overall APPJ voltage consists of the voltage on the positive column Vp 
(plasma voltage) and the voltage on the sheath Vs. The voltage on the posi- 
tive column Vp slightly decreases with an increase of the discharge current 
density. It happens because a reduced electric field E/N in plasma is almost 
constant and equals to E/p ~ 2 V/(cm Torr) for helium discharge. If the den- 
sity of neutral species is constant, the plasma voltage will be constant as well. 
But the density of neutrals slightly decreases with the electric current density 
since high currents cause a gas temperature to rise. At higher gas tempera- 
tures, a lower voltage is needed to support the discharge and subsequently the 
plasma voltage decreases. The sheath thickness can be approximated from the 
amplitude of electron drift oscillations ds = 2 pE /œ ~ 0.3mm, where w is the 
electron mobility, w = 21f is the frequency of the applied voltage and E is the 
electric field in plasma. Assuming the secondary emission coefficient y = 0.01, 
the critical ion density np(crit) in helium RF before the a-y transition is about 
3 x 101 cm7°. The corresponding critical sheath voltage is about 300 V. Typ- 
ical power density for the APPJ helium discharge is of the level of 10 W/ cm? 
which is approximately 10 times higher than that in the DBD discharges, 
including its uniform modifications. The power density that can be achieved 
in the uniform RF discharge is limited by two major instability mechanisms: 
thermal instability and a-y transition instability. The critical power density 
for the thermal instability in APP] is about 3 W/cm?. Stable APPJ can be orga- 
nized, however, with a power density exceeding this threshold. Suppressing 
of the thermal instability in the APPJ conditions is due to the stabilizing effect 
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of the sheath capacitance, which can be described by the R parameter: square 
of the ratio of the plasma voltage to the sheath voltage. The smaller the vari- 
able R, the more stable the discharge is with respect to the thermal instability. 
For example, if R = 0.1, the critical power density with respect to thermal 
instability is 190 W/ cm2. For the helium APP] with: d; = 0.3 mm, V, = 300 V, 
and d = 1.524 mm, the parameter R is given by R = (Vp/ Vs)? = 0.36, which 
corresponds to the critical discharge power density 97 W/cm?. Thus, APPJ 
discharge remains thermally stable in a wide range of power densities as 
long as the sheath remains intact. Major instability of the APPJ and loss of its 
uniformity, therefore, is mostly determined by the a-y transition or, in sim- 
ple words, by breakdown of the sheath. The a-y transition in APPJ happens 
because of the Townsend breakdown of the sheath, which occurs when the ion 
density and sheath voltage exceed the critical values (Np (crit) = 3 x 10” cm-3, 
Vs; = 300 V). In pure helium and in helium with additions of nitrogen and oxy- 
gen, it has been shown that the main mechanism of the discharge instability is 
the sheath breakdown that eventually leads to the thermal instability. There- 
fore, more effective discharge cooling would not solve the stability problem 
because it did not protect the discharge from the sheath breakdown. Neverthe- 
less, cooling is important since the sheath breakdown depends on the reduced 
electric field that increases with temperature. Despite the fact that the thermal 
stability of He discharge is better compared with the discharge with oxygen 
addition, a higher power is achieved with oxygen addition, which prevents 
the sheath breakdown. Summarizing, it is easier to generate a uniform APG 
in helium and argon than in other gases, especially electronegative ones. The 
effect cannot be explained only by high thermal conductivity of helium. It is 
more important for the uniformity that noble-gas—based discharges have a 
significantly lower voltage, and therefore lower power density, which helps 
to avoid the thermal instability. Pure nitrogen provides better conditions for 
the uniformity than air. Presence of oxygen results in the electron attachment, 
which causes higher voltage, higher power, and finally leads to the thermal 
instability. 


es 
9.6 Microdisharges 
9.6.1 General Features of Microdischarges 


Scaling down with a constant similarity parameter (pd) should not change 
the properties of discharges significantly. Conventional nonequilibrium dis- 
charges are operated in the pd-range around 10 cm Torr, therefore organization 
of strongly nonequilibrium discharges at atmospheric pressure should be 
effective in the sub-millimeter sizes. Some specific new properties can be 
achieved by scaling down the plasma size to sub-millimeter ranges: (1) Size 
reduction of nonequilibrium plasmas permits an increase of their power den- 
sity to a level typical for the thermal discharges because of intense heat losses 
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of the tiny systems. (2) At high pressures, volumetric recombination and espe- 
cially three-body processes can go faster than diffusion losses, which results 
in significant changes of plasma composition. For example, the high-pressure 
microdischarges can contain significant amount of molecular ions in noble 
gases. (3) Sheaths (about 10-30 um at atmospheric pressure) occupy a signif- 
icant portion of the plasma volume. (4) Plasma parameters move to the “left” 
side of the Paschen curve. The Paschen minimum is about pd = 3 cm Torr for 
some gases, therefore a 30-um gap at 1 atm corresponds to the left side of the 
curve. The specific properties can lead to the positive differential resistance 
of a microdischarge, which allows supporting many discharges in parallel 
from a single power supply without using multiple ballast resistors. Another 
important consequence is relatively high electron energy in the microplas- 
mas, which are mostly strongly nonequilibrium. Significant development in 
the fundamentals and applications of the microdischarges has been achieved 
recently by B. Farouk and his group in Drexel Plasma Institute. 


9.6.2 Microglow Discharge 


Atmospheric pressure DC microglow discharge has been generated between 
a thin cylindrical anode and a flat cathode by Farouk and his group in Drexel 
Plasma Institute. The discharge has been studied using inter-electrode gap 
spacing in the range of 20 um-1.5 cm so that one could see the influence of the 
discharge scale on plasma properties. Current—voltage characteristics, visu- 
alization of the discharge, and estimations of the current density indicate that 
the discharge operates in the normal glow regime. Emission spectroscopy and 
gas temperature measurements using the second positive band of N2 indicate 
that the discharge generates nonequilibrium plasma. For 0.4 mA and 10 mA 
discharges, rotational temperatures are 700 K and 1550 K, while vibrational 
temperatures are 5000 K and 4500 K, respectively. It is possible to distinguish 
a negative glow, Faraday dark space, and positive column regions of the 
discharge. The radius of the column is about 50 ym and remains relatively 
constant with changes in the electrode spacing and discharge current. Such 
radius permits balancing the heat generation and conductive cooling to help 
prevent thermal instability and the transition to an arc. Generally there is no 
significant change in the current-voltage characteristics of the discharge for 
different electrode materials or polarity. There are several notable exceptions 
to this for certain configurations: (a) For a thin upper electrode wire (<100 um) 
and high discharge currents, the upper electrode melts. This occurs when the 
wire is the cathode, indicating that the heating is due to energetic ions from 
the cathode sheath and not resistive heating. (b) For a medium sized wire 
(~200 um) as a cathode, the width of the negative glow increases as the cur- 
rent increases until it covers the entire lower surface of the wire. If the current 
is further increased, the negative glow “spills over” the edge of the wire and 
begins to cover the side of the wire. This effect is similar to the transition from a 


604. Plasma Physics and Engineering 


normal glow to an abnormal glow in low-pressure glow discharges. However, 
there is no increase in the current density since the cathode area is not lim- 
ited. For sufficiently large electrode wires this effect does not occur. (c) In 
air discharges with oxidizable cathode materials, the negative glow moves 
around the cathode electrode leaving a trail of oxide coating behind until 
there is no clean surface within the reach of the discharge and the discharge 
extinguishes. For a small spacing of electrodes the current-voltage character- 
istics are relatively flat, which is consistent with the normal discharge mode. 
For a normal glow discharge in air, the potential drop at the normal cathode 
sheath is around 270 V. A voltage drop above that occurs mostly in the posi- 
tive column. For larger electrode spacing, the current-voltage characteristics 
have a negative differential resistance dV /dI. This is due to the discharge 
temperature increase with gap length resulting in growth of conductivity. A 
short discharge loses heat through the thermal conductivity of electrodes. 
A long discharge cooling is not efficient because the thermal conductivity 
of the gas is much lower than that of metal electrodes; therefore the tem- 
perature of the long discharge is higher. Such behavior demonstrates a new 
property related to the size reduction to microscale. Diffusive heat losses 
can balance the increased power density only at elevated temperatures of a 
microdischarge and the traditionally cold glow discharge becomes “warm.” 
Table 9.2 summarizes the microglow discharge parameters corresponding to 


TABLE 9.2 


Microdischarge and Microplasma Parameters 


Microdischarge Current 


Parameters 0.4mA 10 mA 
Electrode spacing (mm) 0.05 0.5 
Microdischarge voltage (V) 340 380 
Microdischarge power (W) 0.136 3.8 
Diameter of negative glow (um) 39 470 
Positive column diameter (um) — 110 
Electric field in the positive column (kV cm7!) 5.0 1.4 
Translational gas temperature (K) 700 1550 
Vibrational gas temperature (K) 5000 4500 
Negative glow current density (A cm7?) 33.48 5.8 
Positive column current density (A cm7?) = 105 
Reduced electric field E/n (V cm?) 4.8 x 10716 3x 10716 
Electron temperature Te (eV) 14 1.2 
Electron density ne in negative glow (cm~3) 3 x 1015 7.2 x 101? 
Electron density ne in positive column (cm~?) — 1.3 x 1014 
Ionization degree in negative glow 3 x 10-6 15 x 1077 


Ionization degree in positive column — 3 x 1075 
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currents 0.4 mA and 10 mA. The atmospheric pressure DC microdischarge 
is anormal glow discharge thermally stabilized by its size and maintaining 
a high degree of vibrational-translational nonequilibrium. The micrometer- 
sized precise microglow discharges or their arrays can be effectively used for 
direct microscale surface treatment without application of any masks. 


9.6.3 Micro-Hollow-Cathode Discharge 


The hollow cathode discharges (HCDs) can be effectively organized in the 
microscale. The micro-HCDs similar to the conventional HCDs are interest- 
ing for applications because of their ability to generate high-density plasma. 
While conventional HCDs are organized at low pressures and macroscale, 
the micro-HCD can operate at atmospheric pressure in agreement with the pd 
similarity. The micro-HCD can be effectively arranged in the form of special 
arrays. If pd is in the range of 0.1-10 cm Torr, the discharge develops in stages. 
At low currents, a “pre-discharge” is observed, which is a glow discharge 
with the cathode fall outside the hollow cathode structure. As the current 
increases and the glow discharge starts its transformation into the abnormal 
glow with a positive differential resistance, a positive space charge region 
moves closer to the hollow cathode structure and can enter the cavity. After 
that, the positive space charge in the cavity acts as a virtual anode, resulting 
in the redistribution of the electric field inside the cavity. At the center of the 
cavity, a potential well for electrons appears forming a cathode sheath along 
the cavity walls. At this transition from the axial pre-discharge to a radial 
discharge, the sustaining voltage drops. Sometimes this transition is not so 
sharp, and in that case, a negative slope in the current-voltage characteristic 
(i.e., a negative differential resistance) appears, which is traditionally referred 
to as the “hollow cathode mode.” 


9.6.4 Arrays of Microdischarges, Microdischarge Self-Organization 
and Structures 


The power of a microdischarge is so small that individual microdis- 
charges have limited applications. Thus, most industrial applications require 
microdischarge arrays or microplasma integrated structures. The plasma TV 
is an example of such a complex structure. The simplest structure may be 
the one that consists of multiple identical microdischarges electrically con- 
nected in parallel. For a stable operation of such structures, each discharge 
should have a positive differential resistance. Most microdischarges have this 
property as a result of a significant increase in the power losses with a cur- 
rent increase. One of the examples is the array consisting of microdischarges 
with inverted, square pyramidal cathodes. In such optical micrographs of the 
3 x 3 arrays, microdischarges of 50 um x 50 um each are separated (center- 
to-center) by 75 um. All of the microdischarges (700 Torr of Ne) have common 
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anode and cathode, that is, the devices are connected in parallel. Ignition volt- 
age and current for the array are 218 V and 0.35 pA. The array has been able 
to operate at a high power loading (433 V and 21.4 pA); emission from each 
discharge is spatially uniform. Another example of microdischarge arrays is 
the so-called “fused” hollow cathode (FHC), which is based on the simulta- 
neous RF-generation of HCD plasmas in an integrated open structure with 
flowing gas. The resulting discharges are stable, homogeneous, luminous, and 
volume filling without streamers. The power is of the order of 1 W/cm? of the 
electrode structure area. Experiments have been carried out with the system 
having a total discharge area of 20 cm. The concept of the source is extremely 
suitable for scaling-up for different gas throughputs. In some cases it is bene- 
ficial to connect microdischarges in series, for example, to increase the radiant 
excimer emission. Such a system can consist of two HCDs with negative dif- 
ferential resistance, and applied for the excimer laser. Laser devices require 
a long gain length to achieve the threshold. One of the strategies to produce 
the long gain length is to stack cathode and anode structures alternately in 
a single bore. Nonequilibrium microdischarges at atmospheric pressure can 
also exist at relatively high powers. For example, a microarc discharge in a 
gap 0.01-0.1 mm with a voltage 1.5-4.5 V can have a current 40-120 A. This 
arc is similar to some extent to the cathode boundary-layer microdischarge 
because it exists without an “arc column.” The main difference between the 
two discharges is that in the microarc, up to 95% of the electrical energy is 
transferred to the anode (similar to e-beam), which is qualitatively different 
from the case of the cathode boundary-layer discharge. The microarc has been 
used for generation of metal droplets and nanopowders as well as for local 
hardening of metal surfaces. 


9.6.5 Microdischarges of 5 kHz Frequency Range 


AC microdischarges can be organized at all possible frequencies. Low- and 
medium-frequency microdischarges are related to DBD. An integrated struc- 
ture called the coaxial hollow microdielectric-barrier discharges (CM-DBD) 
has been made by stacking two metal meshes covered with a dielectric layer 
of alumina with thickness about 150 um. The test panel (diameter of 50 mm) 
with hundreds of hollow structures (0.2 mm x 1.7 mm) has been assembled. 
He or N2 have been used at pressures 20-100 kPa and voltage below 2 kV 
even at the maximum pressure. Bipolar square-wave voltage pulses have 
been applied to one of the mesh electrodes. The pulse duration of both posi- 
tive and negative voltages varies from 3 us to 14 us with an intermittent time 
of 1 us and a repetition frequency of 10 kHz. In each coaxial hole, the dis- 
charge occurs along the inner surface. The intensity of each microdischarge 
is uniform over the whole area. The extended glow with a length of a few 
millimeters is observed in He but not in No. The electron density in He at 
100 kPa is about 3 x 10"! cm~?. The CM-DBD configuration has rather a low 
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operating voltage (typically 1-2 kV); the scaling parameter pd is several tens 
of pascal meters, corresponding to the Paschen minimum. Plasma in the sys- 
tem is stable over a wide range of external parameters without filamentation 
or arcing. 

Another kilohertz-range microdischarge is the so-called capillary plasma 
electrode (CPE) discharge. The CPE discharge uses an electrode design, which 
employs dielectric capillaries that cover one or both electrodes. Although the 
CPE discharge looks similar to a conventional DBD, the former exhibits a 
mode of operation that is not observed in DBD, the “capillary jet mode.” The 
capillaries with diameter 0.01-1 mm and a length-to-diameter (L/D) ratio 
from 10:1 to 1:1 serve as plasma sources and produce jets of high-intensity 
plasma at high pressure. The jets emerge from the end of the capillary and 
form a “plasma electrode.” The CPE discharge displays two distinct modes 
of operation when excited by pulsed DC or AC. When the frequency of the 
applied voltage pulse is increased above a few kilohertz, one observes first a 
diffuse mode similar to the diffuse DBD. When the frequency reaches a crit- 
ical value (depending on the L/D value and the plasma gas), the capillaries 
become “turned on,” and bright intense plasma jets emerge from the capil- 
laries. When many capillaries are placed in close proximity to each other, the 
emerging plasma jets overlap and the discharge appears uniform. This “cap- 
illary” mode is the preferred mode of operation of the CPE discharge, and 
is somewhat similar to the FHC. At high frequency, even dielectric capillar- 
ies can work as hollow cathodes, because for CCP-RF plasma in the gamma 
mode, a dielectric surface is also a source of the secondary emitted electrons 
similar to metal cathodes in glow or HCDs. 


9.6.6 RF Microdischarges 


In the RF range (13.56 MHz), the so-called plasma needle attracts interest due 
to medical applications. This discharge has a single-electrode configuration 
and is operating in helium. It operates near the room temperature, allows the 
treatment of irregular surfaces, and has a small penetration depth. The plasma 
needle is capable of bacterial decontamination and localized cell removal 
without causing necrosis to the neighboring cells. Areas of detached cells can 
be made witha resolution of 0.1 mm. Radicals and ions from the plasma as well 
as UV-radiation interact with the cell membranes and cell adhesion molecules, 
causing detachment of the cells. The plasma needle is confined in a plastic 
tube through which helium is supplied. The discharge is entirely resistive with 
voltage 140-270 V,ms. The electron density is about 10!! cm~’. Optical mea- 
surements show substantial UV emission in the range 300-400 nm; O and OH 
radicals have been detected. At low helium flow rates, densities of molecular 
species in the plasma are higher. Conventional RF discharges, both induc- 
tively coupled plasma (ICP) and capacitively coupled plasma (CCP), have 
also been organized in microscale at atmospheric pressure. These plasmas are 
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nonequilibrium because of their small sizes and effective cooling. Reduction 
in size requires reduction in wavelength and increase of frequency. A minia- 
turized atmospheric-pressure ICP jet has been developed for a portable liquid 
analysis system. The plasma device is a planar ICP source, consisting of a 
ceramic chip with an engraved discharge tube and a planar metallic antenna 
in a serpentine structure. The chip consists of two dielectric plates with an area 
of 15 x 30 mm. A discharge tube (1 x 1 x 30mm, height x width x length) is 
engraved on one side of the dielectric plate. A planar antenna is fabricated 
on the other side of the plate. The APPJ with a density of about 10!° cm~? 
is produced using a compact very high frequency (VHF) transmitter at 144 
MHz and power 50 W. The electronic excitation temperature in the system is 
4000-4500 K. 


9.6.7 Microwave Microdischarges 


The low-power microwave microplasma source based on a microstrip split- 
ring 900 MHz resonator operates at pressures of 0.05 Torr—1 atm. Argon and 
air discharges can be self-started in the system with a power less than 3 W. Ion 
density of 1.3 x 10!! cm~? in argon at 400 mTorr can be produced with only 
0.5 W power. Atmospheric discharges can be also sustained in argon with 
0.5 W. The low power allows portable air-cooled operation of the system. 
This kind of microplasma sources can be integrated into portable devices for 
applications such as bio-MEMS sterilization, small-scale material processing, 
and microchemical analysis systems. The highest frequency range discharges 
are the optical ones. The optical discharges or so-called laser sparks are always 
microdischarges, as they are formed in the focus of a lens that concentrates 
the laser light. 


PROBLEMS AND CONCEPT QUESTIONS 


1. Electric field distribution in corona discharge systems. Derive Equations 
9.1.1 through 9.1.3 for electric field distributions for the simple 
corona discharge systems: coaxial cylinders, coaxial spheres, and 
sphere-remote plane. Interpret Equation 9.1.5 and then derive for- 
mulas for the maximum electric field between parallel wires as well 
as between a single wire and a parallel plane. 

2. Positive and negative corona discharges. Compare the ignition criteria 
of positive and negative corona discharges (Equations 9.1.8 and 
9.1.9), and explain why the positive corona requires slightly higher 
values of voltage to be initiated. Estimate the relative difference in 
the values of ignition voltages. 

3. The peek formula for corona ignition. Using the empirical formula 
in Equation 9.1.12 for the Townsend coefficient a in air and cri- 
teria of Equations 9.1.8 and 9.1.9 of corona ignition, analyze and 
derive the Peek formula for initiating a corona discharge in air. 
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Compare the Peek formula with a criterion similar to that of Equa- 
tion 9.1.11 for the case of corona ignition between two parallel 
wires. 

Active corona volume. Explain why most of plasma-chemical pro- 
cesses occur in the active volume. Explain why the active corona 
volume cannot be increased by increasing the voltage. Why does 
the formation of a corona discharge around a thin wire look more 
attractive for applications from the point of view of maximizing 
the active corona volume than a corona formed around a sharp 
point? 

Space charge influence on electric field distribution in corona. Based on 
the Maxwell equation 9.1.18), derive the electric field distribution 
equation 9.1.19 in a corona discharge formed around a thin wire 
taking into account the space charge effect. The Maxwell equation 
in the form of Equation 9.1.18 was obtained assuming low perturba- 
tion of the electric field distribution by the space charge outside of 
the active corona volume. Based on the distribution equation 9.1.19, 
derive the criterion for the low level of perturbation of the electric 
field by the space charge, which limits the corona current. 
Current—voltage characteristics of corona discharge. Based on the elec- 
tric field distribution in the corona formed around a thin wire, 
derive the current-voltage characteristic (Equation 9.1.20) of the dis- 
charge. Explain the difference in the current-voltage characteristics 
for positive and negative corona discharges, for electronegative and 
nonelectronegative gases. 

Power of continuous corona discharges. Explain the physical limitations 
of the power increase of continuous coronas. According to Equation 
9.1.23, corona power can be increased by diminishing the radius of 
external electrode. What is the limitation of this approach to the 
corona power increase? 

Pulse-periodic regimes of positive and negative corona discharges. Corona 
discharges are able to operate at some conditions in form of periodic 
current pulses even in the constant voltage regime. The frequency 
of these pulses can reach 104 Hz in the case of positive corona, 
and 10° Hz for negative corona. Give your interpretation why the 
frequency of these pulses in positive corona (flashing corona) is 
much higher than the frequency in the case of negative pulses (the 
so-called Trichel pulses). 

Flashing corona discharge. Continuous positive corona discharge 
exists in the steady-state regime only in some intermediate inter- 
val of voltages. At relatively low voltages close to corona ignition 
conditions as well as at relatively high voltages close to the corona- 
to-spark transition, the corona exists in pulse-periodic regime. If 
the flashing corona phenomenon at low voltages can be explained 
by inefficient positive space charge drift to the cathode in the rela- 
tively weak electric field, explain the appearance of flashing corona 
at high electric fields. 

Voltage rise rate in pulse corona discharges. Give your interpretation 
as to why not only pulse duration, but also the voltage rise rates 
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are so important to reach high levels of voltage pulses and high 
efficiencies of the pulse corona discharges. 

11. Electric field of residual charge left by DBD-streamer on dielectric bar- 
rier. Estimate the electric field induced by the residual charge left 
by a streamer on a dielectric barrier on the basis of typical data 
presented in Table 9.1. Compare the result of estimations with the 
corresponding modeling data given at the end of Section 9.3.3. 

12. Overheating of the DBD microdischarge channels. As presented in 
Table 9.1, the heating effect in the DBD microdischarge channels 
is fairly low, about 5 K. Compare this heating effect with the gen- 
eral heating effect in streamer channels, which was estimated in the 
Section 4.4.6. 

13. Plasma-chemical energy efficiency of the dielectric barrier in comparison 
with the pulsed corona discharge. Pulsed corona discharges usually 
operates with higher voltage rise rates and in general with higher 
voltages, discuss the difference in efficiencies of ionization, elec- 
tronic excitation and vibrational excitation for these two types of 
nonthermal atmospheric pressure discharges. 

14. Sliding surface discharges. The number of the electrode connecting 
and current conducting channels in the gliding-spark regime of 
the surface discharge as well as the plasma coverage of the dis- 
charge gap depends on the value of electric field on the dielectric 
surface. Based on the simple equivalent circuit consideration, show 
that the electric field (and, hence, the number of channels and the 
plasma coverage of the gap) are determined by the capacitance fac- 
tor €/d, which is the ratio of dielectric permittivity over thickness 
of dielectric layer. Give your interpretation of the data presented in 
Figure 9.19. 

15. Ferroelectric discharges. Peculiarities of the ferroelectric discharges 
are related, on the one hand, to the high dielectric permittivity of 
ferroelectric materials. This provides high power at low AC fre- 
quencies and applied voltages. On the other hand, these are related 
to high local electric fields on the surface of the materials. Compare 
the influence of these two effects on the ferroelectric discharge. 

16. Velocity of the back ionization wave. Early stages of a spark generation 
are related to the propagation of a back ionization wave, which 
actually provides a high degree of ionization in the spark channel. 
Interpret the experimental fact that the velocity of this wave reaches 
10? cm/s. 

17. Negative ions attachment to water droplets, mechanism of charge separa- 
tion in thundercloud. Estimate the size of a water droplet (number of 
water molecules in a cluster), which is able to provide effective trap- 
ping of at least one negative ion due to surface polarization effect. 
Discuss the proportionality of this charge to the droplet radius. 
Compare the negative charging of the droplets due to the surface 
polarization effect given in Equation 9.4.1 with possible charging of 
particles related to the floating potential effect of high mobility of 
electrons. 
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18. Mechanism of propagation of ball lightning. Estimate the propagation 
rate of ball lightning in a steady-state atmosphere with slightly 
nonuniform spatial distributions of temperature and fuel concen- 
tration. Based on the calculation results, estimate the probability of 
the ball lightning propagating opposite to the wind direction. 
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Plasma Created in High-Frequency 
Electromagnetic Fields: Radio Frequency, 
Microwave, and Optical Discharges 


10.1 Radio-Frequency Discharges at High Pressures, 
Inductively Coupled Thermal RF Discharges 


10.1.1 General Features of the High-Frequency Generators of 
Thermal Plasma 


The most traditional way of thermal plasma generation is related to arcs. 
The arc discharges provide high power for thermal plasma generation at 
atmospheric pressure, using DC power supplies with a relatively low price 
of about $0.1-0.5/W. The radio-frequency (RF) discharges are also able to 
generate plasma at high power level and atmospheric pressure, but these 
require more expensive RF power supplies, and are characterized by a price 
of about $1-5/W. Such significant difference in the prices of power supplies 
is especially important, because modern industrial applications often require 
thermal plasma generation at power levels from tens of kilowatts to many 
megawatts. Nevertheless, different types of high-frequency discharges now 
are used increasingly often for thermal plasma generation. This is because 
direct electrode-plasma contact is not required, and in many of these dis- 
charge systems there are no electrodes at all as well as electrode-related 
problems. High frequency electromagnetic fields can interact with plasma 
in different ways. In the RF frequency range, either inductive or capacitive 
coupling can provide this interaction. Electromagnetic field interaction with 
plasma in microwave discharges is quasi-optical. 


10.1.2 General Relations for Thermal Plasma Energy Balance: The Flux 
Integral Relation 


Thermal plasma sustained by electromagnetic fields with different frequen- 
cies is always characterized by quasi-equilibrium temperature distributions 
that are determined by the absorption of energy of the electromagnetic fields. 


613 


614 Plasma Physics and Engineering 


Gas flow is subsonic and pressure can be considered as fixed. The energy bal- 
ance taking into account electromagnetic energy dissipation and heat transfer 
can be then described as 


T a 3 
0p Se = -div] +o(E2)- ©, J=-VT. (10.1.1) 


In this equation, J is the heat flux, Cp is the gas specific heat at constant 
pressure; is the thermal conductivity coefficient; o is the high frequency 
conductivity (see Section 6.6.2, and Equation 6.6.10); the square of electric 
field is averaged (E2) over an oscillation period, which is supposed to be 
short; the factor ® describes radiation heat losses which can be neglected 
at atmospheric pressure and T < 11,000—12,000 K; p = Mng is the gas den- 
sity, related to temperature T taking into account the constancy of pressure 
p = (no + ne)T; M is the mass of heavy particles; ne and no are the number 
densities of electrons and heavy species. The material derivative dT/dt is con- 
cerned with a fixed mass of gas (the Lagrangian description of the flow) and 
is related to the local Eulerian derivative dT /dt by the well-known convective 
derivative relation: dT/dt = dT /dt + (Ü - V)T, where iis velocity vector of the 
fixed mass of gas mentioned above. Neglecting the effect of gas motion on 
plasma temperature in the energy release zone, the energy balance equation 
10.1.1 can be rewritten for steady-state discharges as 


—div] +o(E?) =0, J=—XVT. (10.1.2) 


In contrast to the DC case, the electric field (Equation 10.1.2) is not constant 
and should be determined from the electromagnetic field energy balance. In 
the steady-state system, this balance can be presented in terms of the Pointing 
vector, which is the flux density S of electromagnetic energy 


> > > 


div(S) = —o(É2), S = eoc?[E x B]. (10.1.3) 


Combining the balance (Equations 10.1.2 and 10.1.3) leads to the relation 
between energy fluxes 


div (7 + 8) =0. (10.1.4) 


This kind of energy continuity equation illustrates that the electromagnetic 
energy flux coming into some volume and dissipated there is balanced by 
thermal energy flux going out. In other words, the total energy flux has no 
sources. This equation can be one-dimensionally (1D) solved, resulting in the 
integral flux relation 

2 const 


J+ (5) = o (10.1.5) 
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In the flux integral: “r” is the 1D-coordinate; and the power n = 0 for plane 
geometry, n = 1 for cylindrical geometry, and n = 2 for spherical one. The 
constant of integration in Equation 10.1.5 can be determined from the bound- 
ary conditions. For example, radial thermal and electromagnetic fluxes are 
equal to zero at the axis of cylindrical plasma column. As a result, the con- 
stant in the integral flux relation is also equal to zero in this case. This leads 
us to the equation of cylindrical plasma column in the following simple form: 
Jr + Sr = 0. This simple form of the integral flux relation gives the third equa- 
tion of the channel model of arc discharges. It shows that thermal plasma 
columns sustained by DC and high frequency electromagnetic fields have 
many common features. 


10.1.3 Thermal Plasma Generation in the Inductively Coupled 
RF Discharges 


The general principle of plasma generation in the inductively coupled dis- 
charges is illustrated in Figure 10.1. High frequency electric current passes 
through a solenoid coil where the resulting high frequency magnetic field 
is induced along the axis of the discharge tube. In turn, the magnetic field 
induces a high frequency vortex electric field concentric with the elements 
of the coil, which is able to provide breakdown and sustain the inductively 
coupled discharge. Electric currents in this discharge are also concentric with 
the coil elements and the discharge itself is apparently electrodeless. Gener- 
ated in this way, inductively coupled plasma (ICP) can be quite powerful and 
effectively sustained at atmospheric and even higher pressures. The magnetic 
field in the inductively coupled discharge is determined by the current in the 
solenoid, while the electric field there, according to the Maxwell equations, 
is also proportional to frequency of the electromagnetic fields. As a result, 
to achieve electric fields sufficient to sustain the inductively coupled plasma 
(ICP), the high frequencies (RF) of about 0.1-100 MHz is usually required. 
Practically, a dielectric tube is usually inserted inside of the solenoid coil. 


FIGURE 10.1 
Generation of the inductively coupled plasma. 
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Then ICP is sustained inside of the discharge tube in the gas of interest. 
Powerful RF discharges and power supplies generate noises and interfere 
with radio communication systems. To avoid this undesirable effect, several 
specific frequency intervals were assigned for operation of industrial RF dis- 
charges. The most common RF frequency used in industrial plasma chemistry 
and plasma engineering is 13.6 MHz (corresponding wavelength is 22 m). 
The inductively coupled RF discharges are quite effective in sustaining ther- 
mal plasma at atmospheric pressure. The relatively low electric fields are not 
sufficient, for ignition of the discharges at atmospheric pressures. To ignite 
inductive discharges at atmospheric pressures require special approaches. 
For example, an additional rod-electrode can be introduced inside of the coil 
solenoid. Then heating of the electrode by the Foucault currents results in its 
partial evaporation, which simplifies the breakdown. After the breakdown, 
the additional electrode can be removed from the discharge zone. A specific 
problem of the RF discharges is the effectiveness of plasma coupling as a load 
with RF generator. Electrical parameters of the plasma load, such as resis- 
tance and inductance, influence operation of the electric circuit as a whole 
and determine effectiveness of the coupling. Analysis of the ICP tempera- 
ture distribution, which determines other parameters of quasi-equilibrium 
thermal plasma, is important in this case. 


10.1.4 Metallic Cylinder Model of Long Inductively Coupled RF Discharge 


Consider a dielectric discharge tube of radius R inserted inside the solenoid 
coil (see Figure 10.2). Plasma is sustained by Joule heating induced by high 
frequency AC and stabilized by heat transfer to the walls of the externally 
cooled discharge tube. Radial temperature distribution can be described by 
the energy balance equation 10.1.2 


PER, (10.1.6) 


LS ASSASSIN m m m 


FIGURE 10.2 
Radial temperature distribution in the ICP-discharge in a tube of radius R inserted inside of a 
solenoid (rg is the plasma radius). 
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This equation is similar to Equation 8.4.1 for positive column of arc dis- 
charges, though the electric field now is not axial but azimuthal and rapidly 
alternating. In the megahertz frequency range of the RF discharges, the high 
frequency conductivity equation 6.6.10 actually coincides with that of the 
DC case because œ? « v2,,; polarization and displacement currents can be 
neglected with respect to conductivity current; and the complex dielectric 
constant Equation 6.6.8 is mostly imaginary. Neglecting the displacement cur- 
rent and assuming E, H « exp(—iw t), the Maxwell equations 6.6.3 and 6.1.23 
for the electric and magnetic fields in the case of cylindrical symmetry can be 
expressed as 


_ dH _ E 1d 
dr” ydr 


rEg = iwpoHz. (10.1.7) 


Together with the balance Equation 10.1.6, the Maxwell equations complete 
the system describing the plasma column. The boundary conditions for the 
systems (Equations 10.1.6 and 10.1.7) for the discharge geometry shown in 
Figure 10.2 assuming low temperature on the externally cooled walls can be 
taken as 


Jr=0, Ey=O atr=0; T=Tw*0 atr=R. (10.1.8) 


Magnetic field in nonconductive gas near walls (r = R) is the same as inside 
of empty solenoid 


H.(r = R) = Ho = Ion. (10.1.9) 


In this boundary relation, Ip is current in the solenoid coil, n is number of 
the coil turns per unit length. Amplitudes of current and magnetic field are 
actually complex values, but here these can be considered as real. Phase devi- 
ation between the oscillating fields H, and Ey can be calculated with respect 
to the phase of magnetic field Hp (Equation 10.1.9) in the nonconductive gas 
near the wall of the discharge tube. Further simplification and solution of 
the system of Equations 10.1.6 and 10.1.7 can be done under the framework 
of the metallic cylinder model. This is actually a generalization of the chan- 
nel model previously applied for arc discharges. According to the model, a 
plasma column is considered as a metallic cylinder with the conductivity fixed 
in the first approximation and corresponding to the maximum temperature 
Tm on the discharge axis. The physical reasons underlying the metallic cylin- 
der model are the same as those of the channel model of the arc discharge 
column. Thermal plasma conductivity is a very strong exponential function 
of the quasi-equilibrium discharge temperature. For this reason, when the 
temperature slightly decreases toward the discharge tube walls, conductivity 
becomes actually negligible. Note also that the plasma temperature Tm, con- 
ductivity o, and the “metallic cylinder” (plasma column) radius ro are a priori 
unknown in the framework of the metallic cylinder model. If plasma conduc- 
tivity is high enough, the skin effect prevents penetration of electromagnetic 
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fields deep into the discharge column. As a result, heat release related to the 
inductive currents, is localized in the relatively thin skin layer of the plasma 
column. Thermal conductivity inside of the “metallic cylinder” provides the 
temperature plateau in the central part of the discharge cylinder where the 
inductive heating by itself is negligible. Radial distributions of plasma tem- 
perature, plasma conductivity and Joule heating in the inductively coupled 
RF discharge, corresponding to the metallic cylinder model, are illustrated in 
Figure 10.3. 


10.1.5 Electrodynamics of Thermal ICP Discharge in Frameworks of the 
Metallic Cylinder Model 


The metallic cylinder model permits to separately consider electrodynamics 
and heat transfer aspects of the inductively coupled RF discharge. Analyz- 
ing first the electrodynamics of the ICP discharge, plasma conductivity o 
and radius rọ can be taken as parameters. At the most typical RF discharge 
frequency f = 13.6 MHz and high conductivity conditions of atmospheric 
pressure thermal plasma, the skin layer 8 (see Equations 6.1.25 and 6.1.26) 
is usually small with respect to the plasma radius è < rọ. In this case of 
strong skin effects, interaction of the electromagnetic field with plasma can 
be simplified to a 1D-plane geometry, which permits rewriting the Maxwell 


FIGURE 10.3 
(a) Radial distributions of temperature, (b) electric conductivity, and (c) Joule heating, in ICP 
discharge. 
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relations (Equation 10.1.7) as 


dH, dEy 
Coordinate “x” is positive for the direction inward to the plasma (opposite 
to radius); coordinates “y” and “z” are directed tangentially to the plasma 
surface. Boundary conditions are: H = Ho atx = 0, and Ey, Hz > Oatx > oo. 


Solution of this system of equations can be presented as 


Hz = Hg exp[—i(wt — x/8) —x/3], è=] £ : (10.1.11) 
poo 


Ey = Ho! exp| i(wt = + =) Z]. (10.1.12) 


The same relations for electromagnetic fields penetrating and damping in 
the 8 skin layer of high conductivity thermal (see Equations 6.1.25 and 6.1.26) 
can be rewritten not in complex but in the real form 


H; = Ho exp(-=) cos(wt = ~) i (10.1.13) 


Ey = Ho J"? exp(—*) cos(wt — ` + =) l (10.1.14) 


Thus the amplitudes of electric and magnetic fields are seen to decrease 
exponentially inside of the plasma column, with a phase shift between them 
of 1/4. 

The electromagnetic energy flux is normal to the plasma surface and 
directed inward to the plasma column (opposite to radius). Based on 
Equations 10.1.13 and 10.1.14, the electromagnetic energy flux is 


2 
(S's exp(-), So = H3,/ (10.1.15) 


Here, the flux So shows the total electromagnetic energy absorbed in the 
unit area of the skin layer per unit time. The total power w, released per 
unit length of the long cylindrical plasma column, is related to this flux as 
w = 2nr9 So. For calculations of the electromagnetic flux So, it is convenient 
to use the additional relation (Equation 10.1.9) between magnetic field Ho 
and current Ip in a solenoid as well as the number n of turns per unit length 
of the coil. Together with Equation 10.1.15 this leads to the following conve- 
nient numerical relation for power per unit surface of the long cylindrical ICP 
column 


W A-t 2 ,MH 
So, — = 9.94 x 10-2 ( hn, 0S LM o iade 
cm2 cm o, ohm~!cm-! 
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10.1.6 Thermal Characteristics of the Inductively Coupled Plasma in 
Framework of the Model of Metallic Cylinder 


Integration of Equation 10.1.6 between column and walls (ro < r < R, o = 0) 
gives the relation of plasma temperature, radius rg, and specific discharge 
power w per unit length 


R 
Om(Tm) — @w(Tw) = = In =. (10.1.17) 
2m ro 


Quasi-equilibrium plasma temperature is expressed here in terms of the 
heat flux potential O(T) introduced by Equation 8.4.3; Tm is the maximum 
temperature in plasma column; Tw is the temperature of discharge tube walls. 
Equation 10.1.17 is equivalent to Equation 8.4.6 derived in Section 8.4.3 for arc 
discharges, although the expressions for the specific power w are obviously 
different. The interval A r between plasma column and walls is short Ar = 
R — ro « R, Equation 10.1.17 can be simplified 


Om(Tm) - Ow (Tw) * Ay = S9 Ar. (10.1.18) 
2mro 


This relation in contrast to Equation 10.1.17 is specific for the ICP discharges, 
where Ar = R — ro < R and the heat release is concentrated in a cylindrical 
ring near the discharge walls in contrast to arcs where the current is located 
within a channel near the discharge axis. Plasma temperature in the central 
part of the inductive discharge is almost constant and close to the maximum 
value (see Figure 10.3). From the figure, the plasma temperature and conduc- 
tivity is seen to decrease in the case of strong skin effect in a thin layer about 
8/2, where Joule heating is mostly localized. The energy balance of the Joule 
heating induced by electromagnetic fields and thermal conductivity in this 
layer is 


AT 
Ri — 7X So. (10.1.19) 


This approach is a modified model of the metallic cylinder and is similar to 
the Raizer modification of the channel model of arc discharges. Taking into 
account the relation between electromagnetic flux and discharge power per 
unit length: w = 2xroSo, Equation 10.1.19 can be rewritten 


8 
At hmAT © w—. (10.1.20) 
ro 


The thermal conductivity coefficient Xm corresponds to the maximum 
plasma temperature Tm, and AT is the plasma temperature decrease, related 
to the exponential conductivity decrease. The temperature decrease AT at the 
boundary layer of the thermal inductively coupled plasma can be determined 
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based the Saha equation in the same way as for arc discharges using Equation 
8.4.13. Equation 10.1.15 for Sọ, Equation 10.1.9 for Ho, and Equation 10.1.11 
for ò, one can rewrite Equation 10.1.19 as 


T2 
2/2 Am Om = Er’. (10.1.21) 
i 


This formula relates current Ig and number of turns n per unit length in the 
solenoid coil with plasma conductivity om and with ICP temperature Tm. In 
Equation 10.1.21, I; is the ionization potential. 


10.1.7 Temperature and Other Quasi-Equilibrium ICP Parameters 
in the Framework of the Model of Metallic Cylinder 


Taking into account that the plasma conductivity om strongly depends on 
gas temperature, while Tm and Xm are changing only slightly, one can con- 
clude from Equation 10.1.21 that approximately om « don)?. Then, based on 
the Saha equation for conductivity om(Tm), the plasma temperature depen- 
dence on the solenoid current and number of turns per unit length can be 
expressed as 


const 
= —_____.. 10.1.22 
Mo const — In (Ion) ( ) 


This is not a strong logarithmic dependence Tm (lọ, n) and corresponds to 
that derived for arc discharges (Equation 8.4.17). With strong skin effect, 
plasma temperature Tm does not depend on the electromagnetic field fre- 
quency. The following relations can illustrate the dependence of the ICP 
power per unit length of discharge on the solenoid current and the other 
parameters 


w = 2nrpSo « HÈ |2 = (don)? |S «lonyo. (10.1.23) 
Om Om 


Hence, the specific power of the inductive discharge grows not only with 
the solenoid current and the number of turns, but also with the frequency 
of electromagnetic field. This can be explained by an increase of the elec- 
tric field with frequency (see Equation 10.1.14). Assuming that om « (Ion), 
Equation 10.1.23 gives w « ,/om. This means that even a small increase of tem- 
perature Tm (which according to the Saha leads to an exponential increase 
of electric conductivity) requires a significant increase of discharge power 
per unit length. This effect limits the maximum temperature of the thermal 
discharges. Using the above relations one can estimate typical numerical 
characteristics of the thermal ICP in atmospheric pressure air on the elec- 
tromagnetic field frequency f = 13.6 MHz. For a gas temperature of about 


622 Plasma Physics and Engineering 


10,000 K, a discharge tube radius of about 3 cm, and a thermal conductivity 
of km = 1.4 x 1072W /cmK, the electric conductivity of the thermal plasma 
can be found tobe om ~ 25 ohm~!cm~! and the skin layer § ~ 0.27 cm. To sus- 
tain such a plasma, the necessary electromagnetic flux can be calculated from 
Equations 10.1.19 and 8.4.13 as: So ~ 250 W /cm?. The corresponding value of 
solenoid current and number of turns is: Ign ~ 60 A turns/cm, magnetic field 
Ho © 6kA/m. Then the maximum electric field on the external boundary of 
the plasma column is approximately 12 V/cm, the density of circular current 
is 300 A /cm?, the total current per unit length of the column is approximately 
100 A/cm, thermal flux potential is about 0.015 kW/cm, the distance between 
the effective plasma surface and discharge tube is Ar ~ 0.5cm, and finally 
the ICP discharge power per unit length is about 4 kW/cm. Analyzing the 
above typical numerical characteristics of a thermal ICP discharge, one can 
note that according to Equation 10.1.23 and the following discussion, the spe- 
cific discharge power should be increased from 4 kW/cm to at least 8 kW/cm 
to increase plasma temperature from 10,000 K to 12,000 K. Actually taking 
also into account the growing radiative losses at 12,000 K requires the spe- 
cific power to be even higher. As a result of such strong power requirements, 
the ICP temperature does not exceed 10,000-11,000 K. A typical value of the 
circular ICP current per unit length was estimated as 100 A/cm. This value is 
about the same and even exceeds the solenoid current per unit length of the 
coil: Ion ~ 60 A/cm. This means that inductive influence of the plasma cur- 
rent on the electric circuit of the RF power supply is quite significant. Thus 
the RF power supply must be effectively coupled with the plasma, which can 
be considered as a load in the circuit. 


10.1.8 ICP Discharge in Weak Skin-Effect Conditions: The Thermal 
ICP Limits 


Decrease of current in the solenoid coil leads to a growth of the skin layer 8 
until it becomes about the plasma size (8 ~ rọ, R) and the considered model is 
not valid. For the opposite case of low temperature and electric conductivity, 
è > ro, R. The magnetic field is uniform H = Hp in the absence of skin effect 
and the electric field distribution along the radius of the discharge can be 
calculated from the Maxwell equation (Equation 10.1.7) as 


1 
E(r) = 7 oHoHo “Tr. (10.1.24) 
The power per unit length of the discharge with radius ro can be found by 


integrating Joule heating 


ro 
1 
w = [oeo 2nr dr ~ 7g HOw OmHLG 9. (10.1.25) 
0 
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Taking into account the relation between the magnetic field with solenoid 
current and the number of turns per unit length (Equation 10.1.9), Equation 
10.1.25 can be rewritten as 


1 
we 7g THO 0mlon ro. (10.1.26) 


In contrast to the case of strong skin-effect conditions where the tempera- 
ture decrease takes place mainly in the boundary layer (Equations 10.1.19 and 
10.1.20), here the temperature reduction is distributed over the entire plasma 
column radius as it was in the arc discharges. This leads to the following rela- 
tion between specific power and maximum plasma temperature (Equation 
8.4.13): 


AT T2 
w X Anrohm— = 4NAmAT ~ Bram. (10.1.27) 
ro i 


In this relation, AT is the temperature decrease across the plasma column 
(see Equation 8.4.13, Xm is the thermal conductivity corresponding to the max- 
imum plasma temperature Tm, Ii is the effective value of ionization potential. 
Next, analyze what happens when the temperature and electric conductivity 
decreases in this weak skin-effect regime. The temperature cannot decrease 
significantly (because of the related exponential reduction of conductivity), 
which according to Equation 10.1.27 make the specific power w almost con- 
stant even when the electric conductivity decreases. This effect of specific 
power stabilization is illustrated in Figure 10.4a. Then based on Equation 
10.1.18, the plasma radius must also decrease with temperature reduction. 
Taking into account Equation 10.1.26 leads to the interesting conclusion: the 
current in the solenoid coil (factor Ion) in this regime is not decreasing but 
grows with the conductivity decrease in contrast to the strong skin-effect 
regime where w « Ion x ,/om. This nonmonotonic dependence of Ion(om) 
is illustrated in Figure 10.4b. Thus the dependence Ipn(om) has a minimum 
corresponding to the case when the skin layer is about the same size as the 
discharge tube radius è ~ R. This minimum value of the solenoid current 
Ign, which is necessary to sustain the quasi-equilibrium thermal ICP, can be 
found from Equation 10.1.21 assuming a value of the electric conductivity 
omcorresponding to the critical condition è ~ R (see Equation 10.1.11). In turn 
this leads to the following expression for the minimum value of the solenoid 
current Ion to sustain thermal plasma column 


DT hee 2 
(ot) min * —— . 
R VY [pow 


(10.1.28) 


As an example, the minimal current necessary to provide a thermal 
ICP discharge in a tube with R = 3cm at frequency f = 13.6 MHz in air 
according to Equation 10.1.28 can be estimated as (Ion)min © 10 A turns/cm; 
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FIGURE 10.4 
Solenoid current and specific power dependence on conductivity: stability analysis. 


corresponding minimum values of the quasi-equilibrium temperature are 
approximately Terit ~ 7000—8000 K. As seen from Figure 10.4b, when the 
solenoid current and the number of turns per unit length exceed the critical 
value, in principle, two stationary states of the ICP discharge can be realized. 
One of these corresponds to high conductivity and strong skin effect and the 
other to low conductivity and no-skin-effect conditions. However, only one 
of them, the high conductivity regime, is stable. The low conductivity regime 
(left branch in Figure 10.4) is unstable. For example, if the temperature (and 
hence conductivity) increases because of some fluctuation, then a current 
lower than the actual one is sufficient according to Figure 10.4 to sustain the 
discharge. This leads to ICP plasma heating and further temperature increase 
until the stable high conductivity branch is reached. 


10.1.9 The ICP Torches 


The inductively coupled plasma torches are widely used as industrial plasma 
sources. They are important competitors of the DC arc jets discussed in Section 
8.5. Astandard configuration of an ICP torch (Gross et al., 1969) is illustrated 
in Figure 10.5. The heating coil is usually water-cooled and is not in direct 
contact with the plasma, which provides plasma purity. The ICP torches are 
difficult to start because the electric fields in these systems are relatively low. 
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FIGURE 10.5 
A kilowatt-level inductively coupled plasma torch. (Adapted from Roth, J.R. 2000. Industrial 
Plasma Engineering, Institute of Physics Publishers, Bristol, Philadelphia.) 


To initiate the discharge at low power levels of about 1 kW, a special graphite- 
starting rod, shown in Figure 10.5, can be applied. At high power levels it is 
convenient to use a pilot DC or RF small plasma generators to initiate the 
powerful ICP torch. Such hybrid plasma torches operating at power levels 
of 50-100 kW are illustrated on Figure 10.6a and b. The ICP torches are often 
operated in transparent quartz tubes to avoid heat load on the discharge walls 
related to visible radiation. At power levels exceeding 5 kW, the walls should 
be cooled by water. Plasma stabilization and the discharge walls insulation 
from direct plasma influence can be achieved in fast gas flows. Fast gas flows 
are effective from this point of view. 


10.1.10 ICP Torch Stabilization in Vortex Gas Flow 


In the most conventional approach, the swirl generator is placed upstream 
with respect to the ICP discharge, and the outlet of the plasma jet is directed 
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FIGURE 10.6 
Hybrid plasma torches. (a) DC-RF. (b) RF-RF. (Adapted from Roth, J.R. 2000. Industrial Plasma 
Engineering, Institute of Physics Publishers, Bristol, Philadelphia.) 


to the opposite side. Such configuration is usually referred to as the forward- 
vortex stabilization and illustrated in Figure 10.7a. The rotating gas provides 
good protection to the walls from the plasma heat flux (see e.g., Gutsol, 
1997). This can be explained noting that portions of the gas changes direction 
from an axial swirl to the swirl radial due to viscosity and heat expansion. 
This radial swirl of moving gas compresses the central hot zone, decreas- 
ing the heat flux to the walls and providing effective insulation. However, 
some reverse axial pressure gradient and central reverse flow appear in the 


(a) | (b) | 


FIGURE 10.7 
(a) Forward and (b) reverse vortex stabilization. 
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case of forward-vortex stabilization (see Figure 10.7a). This effect is related 
to fast-flow rotation and strong centrifugal effects near the gas inlet, which 
becomes a bit slower and weaker downstream. The hot reverse flow mixes 
with incoming cold gas and increases heat losses to the walls, which makes the 
discharge walls insulation somewhat less effective. A more effective ICP torch 
walls insulation can be achieved by means of the reverse-vortex stabilization, 
developed by Gutsol and coauthors (Kalinnikov and Gutsol, 1997; Gutsol and 
Fridman, 2001). Flow configuration for the reverse-flow stabilization of the 
inductively coupled discharge is shown in Figure 10.7b. In this case, the outlet 
of plasma jet is directed along the axis to the swirl generator side. The cold 
incoming rotating gas in this stabilization scheme at first moves past the walls 
providing their cooling and insulation, and only after that does it go to the 
central plasma zone and becomes hot. Thus, in the case of the reverse-vortex 
stabilization, the incoming gas is entering the discharge zone from all direc- 
tions except the outlet side, which makes this approach interesting both for 
ICP heating efficiency and discharge walls protection. Experimental details 
regarding the reverse-vortex stabilization of the 60 kW thermal ICP discharge 
in argon can be found in Gutsol et al. (1999). The reverse-vortex stabilization 
of microwave discharges is considered in Gutsol (1995), application to gas 
burners is discussed in Kalinnikov and Gutsol (1999). 


10.1.11 Capacitively Coupled Atmospheric Pressure RF Discharges 


The inductively coupled plasma has lower values of electric fields than capac- 
itively coupled discharges, where the electric field is the primary effect (as in 
a capacitor). For this reason, the ICP discharges at moderately high pressures 
are usually concerned with thermal quasi-equilibrium plasma generation, 
where the ionization is sustained by heating and high electric fields are 
not necessary. The capacitively coupled plasma (CCP) of RF discharges is 
able to provide high values of electric fields, which makes these discharges 
interesting for generating nonthermal nonequilibrium plasma. Consider the 
atmospheric pressure RF glow discharge developed recently at the Uni- 
versity of Tennessee, Knoxville (Kanda et al., 1991; Roth et al., 1992). This 
discharge is a member of a family of atmospheric pressure glow discharges, 
see Figure 10.8. The discharge volume is confined by parallel electrodes across 
which a RF electric field is imposed. The discharge system also includes a bare 
metal screen located midway between the electrodes, which can be grounded 
through a current choke. This median screen provides a substrate surface to 
support the material to be treated in the atmospheric pressure glow discharge. 
The electric field applied between the electrodes is of the order of kilovolts per 
centimeter; it should be sufficiently strong for an electric breakdown and to 
sustain the discharge. In helium or argon this electric field is obviously lower 
than in atmospheric air. Typical frequencies necessary to sustain the uniform 
glow regime of the discharge are in the kilohertz range (about 1-20 kHz). 
At lower values of frequency the discharge is difficult to initiate; at higher 
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Atmospheric pressure glow discharge plasma reactor. (Adapted from Roth, J.R. 2000. Industrial 
Plasma Engineering, Institute of Physics Publishers, Bristol, Philadelphia.) 


frequencies the discharge is not uniform and has the filamentary structure. 
The atmospheric pressure uniform glow regime corresponds to the specific 
values of RF frequency that are sufficiently high to trap the ions between the 
median screen and an electrode, but not high enough to trap plasma elec- 
trons as well. This frequency range provides some reduction of electron-ion 
recombination in the boundary layers, which promotes the ionization balance 
at lower electric fields. The power density of the discharge obviously grows 
with an increase of the voltage amplitude and the electric field frequency. 
However even at relatively high values of the voltage amplitude and the 
electric field frequency, the discharge power density and total power are still 
not high relative to, for example, pulsed corona discharges. Maximum values 
of the power density in the uniform regime are approximately 100 mW /cm?; 
maximum total power is about 100 W (Roth, 2000). 


10.2 Thermal Plasma Generation in Microwave 
and Optical Discharges 


10.2.1 Optical and Quasi-Optical Interaction of Electromagnetic Waves 
with Plasma 


Wavelengths of electromagnetic oscillations in the above RF discharges were 
much larger than typical sizes of the systems. For example, the industrial 


Plasma Created in High-Frequency Electromagnetic Fields 629 


RF frequency f = 13.6 MHz corresponds to a wavelength of 22m. In con- 
trast, microwave plasma is sustained by electromagnetic waves in centimeters 
range of wavelengths. Thus microwave radiation has wavelengths compara- 
ble with the discharge system sizes, and the electromagnetic field interac- 
tion with the plasma in microwave discharges is quasi-optical. The optical 
discharges sustained by laser radiation are characterized by much smaller 
wavelengths and so the electromagnetic field interaction with plasma in this 
case is optical. For this reason, thermal plasma generation in the microwave 
and optical discharges will be discussed together. In the same manner as in the 
case of RF discharges, thermal plasma generation in microwave and optical 
discharges is usually related to high-pressure systems (usually atmospheric 
pressure). Nonthermal, nonequilibrium microwave discharges are usually 
related in a continuous mode to moderate and low pressures. 


10.2.2 Microwave Discharges in Waveguides, Modes of Electromagnetic 
Oscillations in the Waveguides without Plasma 


Microwave generators, in particular, magnetrons, steadily operating with 
power exceeding 1kW in GHz-frequency range, are able to maintain effec- 
tively the steady-state thermal microwave discharges at atmospheric pres- 
sure. Electromagnetic energy in the microwave discharges can be coupled 
with plasma in different ways. The most typical one is related to the appli- 
cation of waveguides and is illustrated in Figure 10.9. In the configuration 
of microwave discharges shown in the figure, the dielectric tube (usually 
quartz) which is transparent for the electromagnetic waves crosses the rect- 
angular waveguide. Plasma is ignited and maintained in the discharge tube 
by dissipation of electromagnetic energy. Heat balance of the thermal plasma 
is provided mostly by convective cooling in the gas flow. Different modes of 
electromagnetic waves formed in the rectangular waveguide, can be used to 
operate microwave discharges. The most typical one is the Ho, mode, illus- 
trated in Figure 10.10. The electric field in the Ho1-mode is parallel to the 
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FIGURE 10.9 
General schematic of a microwave discharge in a waveguide. 
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FIGURE 10.10 
Electric field distribution for Hp; mode in rectangular waveguide. 


narrow walls of the waveguide and is constant in this direction. Along the 
wide waveguide wall, the electric field is distributed as a sine function (in the 
absence of plasma) with a maximum in the center of the discharge tube and 
zero-field on the narrow waveguide walls 


Ey = Emax sin( Zx) ; Ex=E,=0. (10.2.1) 


w 


In this relation, Ex is the electric field component directed along the longer 
wall of the waveguide, which has length aw, Ey is the electric field component 
directed along the shorter wall of the waveguide, which has length by, and 
Ex is the electric field component directed along the z. The maximum electric 
field Emax (in kV/cm) in the case of the mode Hp is related to the microwave 
power Pyw (expressed in kW) transmitted along the rectangular waveguide 
by the following numerical formula 


1.51 - Py Ae 
By = h (; ) l . (10.2.2) 


Awbw crit 


Here, i is the wavelength of the electromagnetic wave propagating in the 
waveguide, crit is the maximum value of the wavelength when the propa- 
gation is still possible (crit = 2aw), lengths of the waveguide walls aw and 
bw are expressed in centimeters. The Ho: mode is convenient for microwave 
plasma generation in the rectangular waveguides because the electric field in 
this case has a maximum in center of the discharge tube (see Figures 10.9 and 
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FIGURE 10.11 
Electric and magnetic field distributions for Hj, mode in a round waveguide. 


10.10). Microwave discharges obviously can be generated in the cylindrical 
waveguides with round cross section. The most typical oscillation mode in 
such waveguides is H11. Space distribution of electric and magnetic fields in 
this case is illustrated in Figure 10.11, and can be expressed without taking 
into account the influence of the plasma as 


1.847 


Esr, 9) = Emax: (= ") cos E- =0, (10.2.3) 


W 


L84r\ 
Cy ae ANE 7 a a A(z ) sins. (10.2.4) 


In these relations, Rw is radius of the round waveguide; J1(1.84r/Rw) and 
Ji (1.84r/Rw) are the Bessel function of the first order and its first derivative; 
Emax again is the maximum value of electric field (expressed in kW/cm) now 
for the mode H11, which is related to the microwave power Pw (expressed 
in kW) transmitted along the round waveguide by the following numerical 


formula 
j 1.58PMw p Da 
Ee = Re 1 Ta ; (10.2.5) 


Similarly to Equation 10.2.2, the critical wavelength crit is the maximum 
wavelength when the propagation is still possible. For the case of Hj;-mode 
in the round waveguide, Acrit = 3.41Rw. 
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10.2.3 Microwave Plasma Generation by Ho1-Electromagnetic Oscillation 
Mode in Waveguide 


As illustrated in Figure 10.10, the Ho, mode in the rectangular waveguides 
is convenient for plasma generation because the electric field in this case has 
maximum in center of the discharge tube. Plasma is formed along the elec- 
tric field and axis of the discharge tube (see Figure 10.9). To provide plasma 
stabilization gas flow is often supplied into the discharge tube tangentially. 
The waveguide dimensions are related with the frequency of the electromag- 
netic wave (see the relations for critical values of wavelengths). Thus for an 
electromagnetic wave frequency f = 2.5 GHz (the corresponding wavelength 
in vacuum i = 12cm), the wide waveguide wall should be longer than 6 cm 
and is usually equal to 7.2 cm. Typically the narrow waveguide wall is 3.4 cm 
long and the dielectric discharge tube diameter is about 2 cm. The diameter of 
the generated microwave plasma column in such conditions is usually about 
1 cm. If the power of the atmospheric pressure microwave discharge described 
above is 1-2 kW, then typical thermal plasma temperatures in air and other 
molecular gases are normally in the range of 4000-5000 K. When the temper- 
ature is not extremely high, energy exchange between electrons and heavy 
particles in rare gases is slower than in molecular gases, which leads to some 
differences between electron temperature and temperature of heavy species in 
such systems. For example, typical plasma temperature values in a microwave 
discharge in argon at similar conditions are about 6500-7000 K for electrons 
and about 4500K for heavy particles. In general, plasma temperatures in 
thermal microwave discharges are lower than temperatures in thermal RF dis- 
charges and arc discharges under similar conditions. At lower wavelengths 
(X = 3cm) and hence at smaller waveguide cross sections, plasma temper- 
atures are slightly higher; at similar conditions in molecular gases such as 
nitrogen plasma temperatures reach about 6000 K. The incident electromag- 
netic wave formed in the waveguide interacts with plasma generated in the 
discharge. This interaction results in partial dissipation and reflection of the 
electromagnetic wave. Typically about half of the power of the incident wave 
can be directly dissipated in the high conductivity thermal plasma column, 
abouta quarter of the wave is transmitted through the plasma, and the remain- 
ing is reflected. To increase the effectiveness of electromagnetic wave coupling 
with thermal plasma column (fraction of the wave dissipated in plasma), 
the transmitted wave can be reflected back, which leads to the formation of 
a standing wave. Such special coupling techniques permits increasing the 
fraction of the electromagnetic energy absorbed in the plasma up to 90- 
95%, which is important for practical applications of the discharge system 
(Blinov et al., 1969; Batenin et al., 1988). A powerful microwave discharge 
for plasma-chemical applications was developed in Kurchatov Institute of 
Atomic Energy by Rusanov and coworkers (see Rusanov and Fridman, 1984; 
Givotov et al., 1985). Microwave energy was provided by four magnetrons 
(maximum power of each was 300 kW), and coupled with plasma in different 
molecular gases at moderate and relatively high-pressure range. Note that the 
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electromagnetic wave mode in this waveguide was more complicated than 
those described above. The powerful microwave discharge was fast-flow sta- 
bilized (including supersonic flow) and was able to operate in both thermal 
and nonthermal regimes. 


10.2.4 Microwave Plasma Generation in Resonators 


The powerful atmospheric pressure thermal microwave discharge in a res- 
onator was developed by Kapitsa and co-authors (Kapitsa, 1969). Schematic 
of such a cylindrical resonator with standing wave mode Eo is presented 
in Figure 10.12. A microwave generator of 175 kW power at 1.6GHz 
frequency (wavelength 19 cm) was used in the Kapitsa’s experiments. In this 
case, the electric field on the axis of the cylindrical resonator is directed along 
the axis and varies as the cosine function with the maximum in the center of 
the cylinder. The electric field then decreases further from the axis. Ignition 
of the discharge takes place in the central part of the resonator cylinder, 
where the electric field has its maximum (see Figure 10.12). Microwave plasma 
formed in the resonator appears as a filament located along the axis of the 
resonator cylinder. The length of the plasma filament is about 10 cm, which 
corresponds to half of the wavelength; the diameter of the plasma filament 
is about 1 cm. To stabilize the microwave plasma in the central part of the 
resonator at high power of 20 kW in hydrogen, deuterium, and helium at 
atmospheric and higher pressures, the gas is tangentially supplied to the dis- 
charge chamber. Plasma temperature in this microwave discharge generally 
does not exceed 8000 K, which is related to intensive reflection effects at higher 
conductivities. 


10.2.5 1-D Model of Electromagnetic Wave Interaction 
with Thermal Plasma 


Microwave plasma generation can be described by 1D model, which assumes 
that plane electromagnetic waves pass through a plane dielectric wall (which 
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FIGURE 10.12 
Microwave plasma in a resonator. 
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FIGURE 10.13 
Temperature and electron density distributions ina discharge sustained by electromagnetic wave. 


is transparent to this wave) and then meet the plasma. Heat released in 
the plasma is subsequently transferred back to the dielectric wall, which is 
externally cooled, providing energy balance of the steady-state system. This 
simple but effective model is illustrated in Figure 10.13. This approach actu- 
ally describes local interaction of the incident electromagnetic wave with the 
“closest plasma surface” (see Figure 10.9). When the microwave power, gas 
pressure, and the thermal plasma conductivity are relatively high, the elec- 
tromagnetic wave penetration into the plasma is shallow. This makes the 
1D model to describe the microwave plasma generation applicable. The 1D 
model of microwave plasma generation is based on the integral flux relation 
(Equation 10.1.5) assuming n = 0. The constant in Equation 10.1.5 is equal 
to zero (const = 0) because the temperature tends to the constant value Tm 
deep inside the plasma (x — oo). Asa result, the integral flux relation can be 
rewritten as 


J+(s)=0, J=-r»_. (10.2.6) 


In this relation, > is the coefficient of thermal conductivity, (S) is the mean 
value of the electromagnetic energy flux density, determined in Equation 
10.1.3. Since microwave discharges are quasi-optical, the wave effects as 
reflection and interference should be taken into account. Description of the 
electromagnetic wave propagation in plasma requires analysis of the wave 
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equation with the complex dielectric permittivity (Equation 6.6.8) 

d*E o \ 02 

alae (e af je.) 2E, =0. (10.2.7) 
x EgW/ C 


Ey is a component of the electric field along the plasma surface; oo and £% 
and are high-frequency conductivity and dielectric permittivity, which are 
determined according to Equations 6.6.9 and 6.6.10. Since the plasma temper- 
ature and degree of ionization in the thermal microwave discharges are not 
very high (with respect to RF and arc discharges under similar conditions), the 
electron-ion collisions can be neglected in calculating the plasma conductiv- 
ity. From the Saha equation, we can take the quasi-equilibrium high frequency 
plasma conductivity and dielectric permittivity in the wave Equation 10.2.8 as 


L 
Om X 1 — £% X Ne X exp(3*) ; (10.2.8) 


where Jj is the ionization potential. Boundary conditions for the system of 
Equations 10.2.6 and 10.2.7 are as follows: the electric field is assumed to be 
zero deep inside the plasma (E = 0 at x — oo), the temperature on the cooled 
dielectric wall is low (T = Tw ~ O atx = —x9), and the electromagnetic energy 
flux density So related to microwave power provided from generator is given. 
Solution of the system of Equations 10.2.6 and 10.2.7 determines the plasma 
temperature Tm = T(x — oo); the fraction of the electromagnetic energy flux 
density Sı, which is dissipated in the plasma and the microwave reflection 
coefficient from the plasma p = (Sg — S1)/So. A general solution of the system 
obviously cannot be found analytically and requires numerical approaches. 
Similar to the cases of thermal arc and thermal RF discharges, physically clear 
analytical solution of the systems (Equations 10.2.6 and 10.2.7) can be obtained 
only by assuming a sharp conductivity change on the plasma boundary and 
constant conductivity inside of the plasma. 


10.2.6 Constant Conductivity Model of Microwave Plasma Generation 


To find an analytical solution of Equations 10.2.6 and 10.2.7, assume that 
plasma has a sharp boundary at x = 0, where the temperature equals To 
(see Figure 10.13). To the left from this point (x < 0, T < To) assume no 
plasma:o = 0, £ = 1. To the right from the point (x > 0, To < T < Tm) assume 
constant conductivity: o = Om, € = £m. This constant microwave plasma con- 
ductivity model is similar to the channel model of arc discharges and the 
metallic cylinder model of the thermal ICP discharges. The reflection coef- 
ficient of an incident electromagnetic wave normal to the sharp boundary 
of plasma p = (So — S1)/So, can be found from the boundary conditions for 
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electric and magnetic fields on the plasma surface (Landau, 1982) 


o (n=? +x? 


In this relation, x is the attenuation coefficient of the electromagnetic wave, 
defined by Equation 6.6.18; n is the electromagnetic wave refractive index, 
defined by Equation 6.6.19. Both parameters n and x are functions of the high 
frequency permittivity £» and electric conductivity oe, which are assumed 
constant. While Equation 10.2.9 describes the electromagnetic wave reflec- 
tion from the plasma, microwave absorption and energy flux damping in the 
plasma can be calculated from the Bouguer law (Equation 6.6.24) with the 
absorption coefficient pa mostly dependent on the electron density (Equa- 
tion 6.6.26). According to the Bouguer law, dissipation of the electromagnetic 
wave takes place in a surface layer of about lẹ = 1/4), where temperature 
grows from To to Tm. The energy balance in this layer between the absorbed 
electromagnetic flux Sı and the heat transfer to the wall can be expressed as 
S1 © \mAT /I.). Similar to the channel model of arc discharges and the metallic 
cylinder model of RF discharges, one can determine AT = Tm — Tp assuming 
the exponential conductivity decrease in the plasma. As a result, the following 
equation to determine the plasma temperature is obtained 


oT. 
Soll — p(Tm)] = (Tm) >> Ho Tm): (10.2.10) 


Find size of the gap xo between plasma and dielectric wall from heat transfer 
across this gap 


Om(Tm) — Ow(Tw) = S1 |xol, (10.2.11) 


where the heat flux potential @(T) is determined by Equation 8.4.3. 


10.2.7 Numerical Characteristics of the Quasi-Equilibrium 
Microwave Discharge 


Data characterizing generation of a thermal microwave discharge at fre- 
quency f = 10GHz, ( = 3cm) in air are presented in Table 10.1. They are 
based on quasi-equilibrium calculations additionally taking into account con- 
duction losses from the plasma filament of 0.3 cm radius and also some 
smearing of plasma boundaries, which slightly reduces the reflection coef- 
ficient. The depth of microwave energy absorption in plasma lẹ grows 
with temperature reduction: at T = 3500K it reaches 2 cm. This absorption 
growth is exponential and determines the lower temperature limit of thermal 
microwave discharges 


1 vf 
o X — =]. 10.2.12 
l a x exp( z5) (10 ) 
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At relatively low temperatures, the microwave plasma becomes transpar- 
ent to electromagnetic microwave radiation, and hence to sustain such a 
plasma, high power must be provided. Further, low temperature and low 
conductivity regime is unstable in the same way as with RF discharges. The 
minimal temperature of the thermal microwave discharges can be estimated 
from the equation le (Tmin) = R¢, where R¢ is the radius of plasma column 
or plasma filament. Numerically, the minimum temperature is about 4200 K 
for the filament radius of 3 mm. The corresponding absorbed energy flux 
is S; = 0.2 kW/cm?; then the minima microwave energy flux to sustain the 
thermal plasma is Sg = 0.25 kW/ cm?. The maximum temperature is limited 
by reflection of electromagnetic waves from plasma at high conductivities. 
This effect is seen from Table 10.1, where the reflection coefficient reaches the 
high value of p = 81% at Tm = 6000 K. For this reason, the quasi-equilibrium 
temperature of the microwave plasma in atmospheric pressure air does not 
exceed 5000-6000 K. 


10.2.8 Microwave Plasma Torch and Other Nonconventional 
Configurations of Thermal Microwave Discharges 


Consider the microwave plasma torch developed by Mitsuda et al. (1989) and 
shown in Figure 10.14. Microwave power in this system is delivered primarily 
by a rectangular waveguide. Then the electromagnetic wave passes through a 
quartz window into an impedance-matching mode converter, which couples 
the microwave power into a coaxial waveguide. The coaxial waveguide then 


TABLE 10.1 


Characteristics of Atmospheric Pressure Microwave Discharge in Air at Frequency 
f = 10 GHz (^ = 3cm) as a Function of Plasma Temperature 


Plasma Temperature, Tm, K 


Characteristics of Microwave Discharge 4500 5000 5500 6000 
Electron density, ne, 1013 cm7’ 1.6 4.8 9.3 21 
Plasma conductivity, om, 10!! s71 0.33 0.99 1.9 41 
Thermal conductivity, i, 0.95 1.1 1.3 1.55 
10-2 W/cemK 
Refractive index of plasma surface, n 13 2.1 2.8 4.3 
Plasma attenuation coefficient, k 2.6 4.7 7.3 11 
Depth of the microwave absorption 9.1 5.0 3.2 2.2 
layer, lo = 1/pu, 1072 cm 
Energy flux absorbed, S4, kW/cm? 0.23 0.35 0.56 1.06 
Microwave reflection coefficient, p 0.4 0.65 0.76 0.81 
Microwave energy flux to sustain 0.38 1.0 2.3 5.6 


plasma, So, kW/ cm? 
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FIGURE 10.14 
Microwave plasma torch. (Adapted from Roth, J.R. 2000. Industrial Plasma Engineering, Institute 
of Physics Publishers, Bristol, Philadelphia.) 


operates somewhat as an arc jet: the center conductor of the waveguide forms 
one electrode and the other electrode comprises an angular flange on the 
outer coaxial electrode. Another configuration of the microwave discharge is 
based on conversion of the rectangular waveguide mode into a special cir- 
cular waveguide system illustrated in Figure 10.15. This system was used 
to generate high power microwave discharges. More details about special 
configurations of microwave discharges can be found in MacDonald and 
Tetenbaum (1978) and Batenin et al. (1988). 


10.2.9 Continuous Optical Discharges 


Thermal atmospheric pressure plasma can be generated by optical radiation 
somewhat similar to that by electromagnetic waves in the RF and microwave 
frequency range. These not so conventional but very interesting thermal 
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FIGURE 10.15 
Radial and microwave plasmatron. 


plasma generators were first theoretically considered by Raizer (1970), and 
then experimentally realized by Generalov et al. (1970). Optical plasma gen- 
eration began before the 1970 with the discovery of the optical breakdown 
effect (Maker et al., 1964). It became possible after development of Q-switched 
lasers, which are able to produce extremely powerful light pulses, the so- 
called “giant pulses.” Detailed consideration of the subject can be found in 
the book of Raizer (1974); typical breakdown thresholds are presented in 
Figure 10.16 (Raizer, 1977). The continuous optical discharge is illustrated 
in Figure 10.17. Usually a CO2 laser beam is focused by a lens or mirror to 
sustain the discharge. Power of the CO? laser should be high; for the contin- 
uous optical discharge in atmospheric air it must be at least 5 kW in the 
low-divergence beam. To sustain the discharge in xenon at a pressure of 
a couple of atmospheres, a much lower power of approximately 150 W is 
sufficient. 

Light absorption coefficient in plasma significantly decreases with the 
growth of electromagnetic wave frequency. For this reason, application of 
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FIGURE 10.16 
Breakdown thresholds of inert gases under CO laser radiation. 


visible radiation requires 100-1000 times more power than that of the CO2 
lasers, which is very difficult to obtain experimentally. Plasma sustained by 
focusing of solar radiation would have temperatures less than the solar tem- 
perature, 6000 K according to the second low of thermodynamics. Equilibrium 
plasma density at 6000 K is not sufficient to provide absorption of the radi- 
ation. To provide effective absorption of laser radiation, the plasma density 
should be very high. Asa result, plasma temperature in the continuous optical 
discharges is high, 15,000—20,000 K. 


FIGURE 10.17 
Schematic of a continuous optical discharge. 
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10.2.10 Laser Radiation Absorption in Thermal Plasma as a Function Gas 
Pressure and Temperature 


Absorption of the CO? laser radiation quanta (Aw = 0.117 eV or in temperature 
units 1360 K, which is less than the plasma temperature) is mostly provided 
by the bremsstrahlung absorption mechanism related to the electron-ion col- 
lisions (see Section 6.7.7). The absorption coefficient |1..(CO2) can then be 
calculated based on the Kramers formula (Equations 6.7.34 and 6.7.35) and 
taking into account induced emission. The resulting formula including the 
double ionization (Raizer, 1977) is 


2.82 x 10-ne(n4 + 444) 2700T,K 


-1_ 
Wol(CO2), cm~ = (LK? os ( „15 ) (10.2.13) 


All number densities are measured in this relation in cm~; ne is the elec- 


tron concentration; n} and n+ are densities of single- and doubly charged 
positive ions, which can be calculated for the quasi-equilibrium plasma based 
on the Saha equation. The absorption coefficient of the CO? laser radiation in 
air is shown in Figure 10.18 as a function of temperature (Raizer, 1991). This 
function has a maximum at constant pressure, which corresponds to about 
16,000 K at atmospheric pressure. This temperature corresponds to complete 
single ionization. Further increase of temperature does not lead to additional 
ionization (because double ionization requires significantly higher tempera- 
tures), while gas density and hence, electron concentration decrease at fixed 
pressures. It explains the decrease of the absorption at higher temperatures 
(see Figure 10.18) and hence, maximum of the dependence |1..(T). Taking into 
account Equation 10.2.13, the decrease of absorption coefficient pae (T) is 


n? 1 

Ma X T32 x A (10.2.14) 

At high temperatures, the absorption starts growing again because of the 
double ionization. From Figure 10.18, the maximum absorption coefficient 
Mo grows with pressure slightly slower than the square of gas pressure. The 
maximal absorption coefficient for the CO laser radiation at atmospheric 
pressure is po = 0.85cm~!, which corresponds to a light absorption length 
lə = 1.2cm. This maximum in the dependence wo(T) takes place only at 
frequencies w? >> v2 (see Section 6.6), where ve is the frequency of electron 
collisions (at high ionization degrees typical for the optical discharges veis 
related to the electron-ion collisions). In the opposite case of lower electro- 
magnetic wave frequencies œ? « v2, the absorption coefficient ua (which is 
proportional to the electric conductivity o) continuously grows with temper- 
ature. Assuming as above, the major contribution of the electron-ion coulomb 
collisions into the frequency ve, the light absorption coefficient pà dependence 
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FIGURE 10.18 
Absorption coefficients for CO? laser radiation in air. 


on temperature is 


n n 
Wo Xo x — x — E x T3/?, (10.2.15) 
Ve N+UOcoulomb 


The coulomb collision cross section coulomb dependence on temperature: 
Scoulomb X 1/T? (see Section 2.1.9), and the average electron velocity depen- 
dence on temperature 3 « ~T was taken into account. It is interesting that 
the absorption coefficient in this case of low electromagnetic wave frequencies 
does not depend on the gas pressure and density. 


10.2.11 Energy Balance of the Continuous Optical Discharges 
and Relation for Plasma Temperature 


In the 1D model, plasma is considered as a sphere of radius rọ and constant 
temperature Tm (hence also fixed absorption coefficient po). This plasma tem- 
perature is maintained by absorbing convergent spherically symmetric rays 
of total power Po. If the plasma is transparent for the laser radiation, the frac- 
tion of the total radiation power absorbed in the plasma can be estimated as 
Py = Povoro. At relatively low laser power levels and not very high pressures, 
one can neglect radiation losses and balance absorption of the laser radiation 
with thermal conduction flux Jo 


AO 
Pi = Potoroo = 4nr3Jo ~ Airi = 4nr9 AO. (10.2.16) 
0 


AO = Om — Go is the drop of the heat flux potential in the plasma. Taking 
into account that the gas is cold at infinity (O(r —> oo) = 0), the heat balance 
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outside of the plasma sphere is 


Py 


do P 
Pi = -4r —, @(r)= r= r) = 7. (10.2.17) 


dr 


Comparing Equations 10.2.16 and 10.2.17, one can see that AO = ©ọ, and 
hence, Om = 209. From this relation between maximum plasma temperature 
and the one on the plasma surface rewrite Equation 10.2.16 as P4 = 2nroOm. 
Recalling the above-mentioned formula, P1 = Poporo, the following final 
energy balance relation, which determines the maximum plasma temperature 
Tm is obtained 


Om(Tm) 


Po = 2x ————.. 
° (yw) 


(10.2.18) 


10.2.12 Plasma Temperature and Critical Power of Continuous 
Optical Discharges 


Analyzing Equation 10.2.18 for plasma temperature, the power required to 
maintain the optical discharge Po (Tm) as a function of plasma temperature has 
a minimum T; (see Figure 10.19; Raizer, 1991). This minimum occurs because 
the function 4(T) has a maximum (see Figure 10.18), while the function 
©(T) grows continuously. The temperature T+, corresponding to the minimum 
power P, which is necessary to sustain the continuous optical discharge (see 
Figure 10.19), is close to the temperature corresponding to the maximum of 
the function po(T) (see Figure 10.18). Similar to the cases of thermal ICP 
and microwave discharges (see Section 10.1.8 and remarks after Equation 
10.20), the left low-temperature and low-conductivity branch of the curve 
Po(T) in Figure 10.19 where Tm < Tr is unstable. If the temperature is lower 
than the threshold temperature Tm < T;,a small temperature increase due to 
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FIGURE 10.19 
Power of a spherically convergent laser beam as a function of maximum plasma temperature. 
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any fluctuation results in a decrease of the required power necessary to sustain 
the stationary discharge with respect to the actual laser radiation power. This 
would lead to further temperature growth until it reaches the threshold one 
Tm = Tt. Equation 10.2.18 permits calculating the critical minimum of the 
laser radiation necessary to sustain the continuous optical discharge. In this 
case, plasma temperature should be taken as the critical one T| 


Om (Tm = Ti) 


Pi = Pomin = 2n 
ea sis (Ta = Td 


(10.2.19) 


For example, the CO? laser radiation in atmospheric air has the maximum 
value of the absorption coefficient po max % 0.85 cm7! at the threshold tem- 
perature Tı = 18,000K. In this case, the heat flux potential is © (Tm = T;) ~ 
0.3 kW /cm, and the minimal threshold value of power necessary to sustain the 
discharge is P; ~ 2.2kW. Thermal plasma temperatures in continuous opti- 
cal discharges are higher (about twice) than that of ICP and arc discharges, 
and significantly higher than in microwave discharges (about three to four 
times). This is related to the fact that po o 1/w? and plasma is transparent for 
the optical radiation. Only very high temperatures corresponding to almost 
complete ionization provides the level of absorption sufficient to sustain the 
discharges. The minimal threshold value of the laser power P; in accordance 
to Equation 10.2.19 decreases quite fast with pressure growth because of the 
corresponding significant growth of the absorption coefficient po max. The 
minimum threshold of the laser power is lower in gases with lower ioniza- 
tion potential (to decrease T;) and lower thermal conductivity (to decrease 
Om). The minimum necessary CO? laser power to sustain the continuous 
optical discharge in Ar and Xe at pressures of about 3—4 atm is 100-200 W, 
see Raizer (1974, 1977, 1991). Photographs of the are shown in Figure 10.20 
(Generalov et al., 1971). 


FIGURE 10.20 
Continuous optical discharge. (a) General view. (b) A large image (beam travels from right 
to left). 
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10.3 Nonequilibrium RF Discharges, General Features 
of Nonthermal CCP Discharges 


10.3.1 Nonthermal RF Discharges 


At lower pressures RF plasma becomes essentially nonequilibrium. Electron— 
neutral collisions are less frequent at lower pressures while gas cooling by 
discharge walls is more intensive. Altogether it leads to electron temperatures 
much exceeding that one of neutrals somewhat similarly to the case of glow 
discharges. Specifying the frequency range typical for RF discharges, one 
should note that the upper frequency limit is related here to wavelengths 
close to the system sizes (electromagnetic waves with smaller wavelengths 
are usually referred to as microwaves). Lower RF frequency limit is related 
to characteristic frequency of ionization and ion transfer. Ion density in RF 
discharge plasmas and sheaths usually can be considered as constant during 
a period of electromagnetic field oscillation. Thus typically RF frequencies 
exceed 1 MHz, though sometimes they can be smaller. The most industrially 
used radio frequency for plasma generation is 13.6 MHz. The nonthermal 
RF discharges can be subdivided into those of moderate (or intermediate) 
pressure and those of low pressure. The discharges are usually referred to 
as those of moderate pressure if they are nonequilibrium, but the electron 
energy relaxation length is small with respect to all characteristic sizes of 
the discharge system. In this case, the electron energy distribution function 
(EEDF) (and therefore ionization, excitation of neutrals and other elementary 
processes) is determined by local values of electric field. Usually this occurs in 
the pressure range from 1 to 100 Torr (see Raizer et al., 1995). In opposite case 
of low-pressures, the electron energy relaxation length is small with respect 
to discharge sizes. EEDF is then determined by electric field distribution in 
the entire discharge zone. This discharge regime takes place at low pressures 
p and small characteristic discharge sizes L (e.g., in inert gases it requires 
p(Torr)L(cm) < 1). Low pressure, strongly nonequilibrium RF discharges are 
widely applied today in electronics in etching and chemical vapor deposition 
(CVD) technologies, see Lieberman and Lichtenberg (1994). 


10.3.2 Capacitive and Inductive Coupling of the Nonthermal 
RF Discharge Plasmas 


Similar to the case of thermal discharges (see Section 10.1), the nonthermal 
plasma of RF discharges can be either CCP or ICP. These two ways of organi- 
zation of nonthermal RF discharges are illustrated in Figure 10.21. The CCP 
discharges provide electromagnetic field by means of electrodes located either 
inside or outside of the discharge chamber, which is shown in Figure 10.21a 
and b. These discharges primarily stimulate electric field, which obviously 
facilitates their ignition. The inductive coil induces the electromagnetic field 
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FIGURE 10.21 


Capacitively (a, b) and inductively (c, d) coupled RF discharges. 


in ICP discharges: the discharge can be located either inside of the coil (Fig- 
ure 10.21c), or aside of the plane or quasi-plane coil (Figure 10.21d). These 
discharges primarily stimulate magnetic fields, while the corresponding non- 
conservative electric fields necessary for ionization are relatively low. For this 
reason, the nonthermal ICP plasma discharges are usually organized at low 
pressures, when the reduced electric field E/p is sufficient for ionization. The 
inductive coils generate not only the nonconservative (vortex) electric fields, 
but also the conventional conservative (potential) electric field in the gap 
between turns (windings) of the coil. This potential electric field exceeds the 
nonconservative one by the pretty big factor, which is equal to ratio of length of 
a turn (winding) to the distance between them. These relatively high but local 
electric fields (capacitive component in inductive discharge) can be important 
especially during breakdown, unless an electric screen is installed. Coupling 
between the inductive coil and plasma inside can be interpreted as a trans- 
former where the coil represents the primary windings and the plasma the 
secondary windings. A coil as the primary windings consists of many turns 
while plasma has only one. ICP discharges can be considered as a voltage- 
decreasing transformer. Effective coupling with RF power supply requires 
low plasma resistance. The ICP discharges are convenient to reach high cur- 
rents, high electric conductivity and high electron concentration. In contrast, 
the CCP discharges are more convenient to provide higher electric fields. 


10.3.3 Electric Circuits for Inductive and Capacitive Plasma Coupling 
with RF Generators 


RF power supplies for plasma generation typically require active load of 50 
or 75 ohm. To provide effective correlation between resistance of the leading 
line from the RF generator and the discharge impedance, a special coupling 
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FIGURE 10.22 
(a) Coupling circuits for CCP and (b) ICP discharges. 


circuit should be applied. A general schematic of such circuits for CCP and 
ICP discharges is shown in Figure 10.22. It is important that the RF gener- 
ator should be not only effectively correlated with the RF discharge during 
its continuous operation, but it should also initially provide sufficient volt- 
age for breakdown to start the discharge. To provide the effective ignition of 
the nonthermal RF discharge, the coupling electric circuit should form the 
AC-current resonance being in series with the generator and the discharge 
system during its idle operation. For this reason, the coupling circuit in the 
case of CCP discharge includes inductance in series with generator and dis- 
charge system (see Figure 10.22a). Variable capacitance is included as well 
for adjustment, because the design of variable inductances is more compli- 
cated. In the case of ICP discharge, the only variable capacitance, located in 
the electric coupling circuit in series with generator and idle discharge system 
provides necessary initial breakdown. 


10.3.4 Motion of Charged Particles and Electric Field Distribution in 
Nonthermal RF CCP Discharges 


External electric circuit is able to provide either fixed voltage amplitude 
between electrodes or fixed current amplitude in CCP discharges. One of these 
regimes can be chosen varying relation between the discharge impedance 
and resistance of RF generator and elements of the above-discussed electric 
coupling circuit. The fixed current regime is, however, more typical one in 
practical application. The fixed current regime can be represented simply by 
an electric current with density j = —jo sin (% t) flowing between two paral- 
lel plane electrodes implying that the size of electrodes exceeds the distance 
between them. We can assume for the following analysis that the RF plasma 
density ne = nj is high enough and the electron conductivity current in plasma 
exceeds the displacement current 


1 1 
wo K — |oe| = —. (10.3.1) 
£0 Te 
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Te is the Maxwell time for electrons, which characterizes (at œ < ve, Ve is 
electron collisional frequency) time necessary to shield the electric field; oe is 
the complex electron conductivity 

2 


ues (10.3.2) 


oe = ————_-. 
M(Ve + 1) 


An inequality opposite to Equation 10.3.1 takes place for ions because of 
much higher mass M >> m 


1 1 ne? 

o> a loi| = 7 oj = MOT (10.3.3) 

The inequality (Equation 10.3.3) means that the ion conductivity current 
can be neglected with respect to displacement current. In other words, the 
ion drift during an oscillation period can be neglected. This leads to the fol- 
lowing picture of electric current and the motion of charged particles in the RF 
discharges. Ions form the “skeleton” of plasma and can be considered being at 
rest, while electrons oscillate between electrodes as is shown in Figure 10.23. 
Electrons are present in the sheath of width L near an electrode only for a part 
of the oscillation period called the plasma phase. Another part of the oscil- 
lation period, when there are no electrons in the sheath, is called the space 
charge phase. The oscillating space charge shown in Figure 10.23 creates an 
electric field, which forms the displacement current and closes the circuit. 
The electric field of the space charge has a constant component in addition 
to an oscillating component, which is directed from plasma to the electrodes. 
For this reason, similar to glow discharges, the quasi-neutral plasma zone is 
also called the positive column. The constant component of the space charge 
field provides faster ion drift to the electrodes than in the case of ambipolar 
diffusion. As a result, ion density in the space charge layers near electrodes is 
lower with respect to their concentration in plasma (see Figure 10.23). 


10.3.5 Electric Current and Voltages in Nonthermal RF CCP Discharge 


Assume that the RF discharge is symmetrical and ion concentrations in plasma 
and sheaths are fixed and equal to np and ns, respectively (see Figure 10.23). 
Then the 1D-discharge zone can be divided each moment into three regions: 
(1) A plasma region with thickness Lp, which is quasi-neutral throughout 
all the oscillation period. The electric current in this region is provided by 
electrons and conductivity is active at relatively low frequencies w < ve, (2) 
sheath regions in plasma phase, where the electric conductivity is also active 
and provided by electrons, (3) sheath regions with space charge. Taking into 
account the discharge symmetry and constancy of charge concentration in 
the sheath, one can conclude that total thickness of the space charge region 
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FIGURE 10.23 
Ion density and potential distribution; and boundary layer oscillation in RF CCP discharge. 


is always equal to the total thickness of the sheath region in plasma phase 
and equals to the sheath size L (see Figure 10.23). If the total thickness of the 
sheath region in plasma phase is equal to L, then the active resistance of the 


region can be expressed as 
Lmve 

=—, 10.3.4 

ps nge2S ( ) 


where ve is the frequency of electron collisions, and S is the area of an electrode. 
Similarly, resistance of the quasi-neutral plasma region can be presented as 


Lomv 
pve 
= . 10.3.5 
P Npe?S ( ) 
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From Equation 10.3.2, the reactive (imaginary) resistance component of 
plasma itself and sheaths in the plasma phase also should be taken into 
account at high frequencies of electromagnetic field w > ve 


. Mod f 
Xp,ps == lps 2S => iL. (10.3.6) 


This impedance has the inductive nature, and factors LE, are the effective 
inductance of plasma zone (p) and sheath (s) in plasma phase. The voltage 
drop on space charge sheath is proportional to the electric field near an elec- 
trode E and to the instantaneous size of the sheath d (t). Assuming constancy 
of ion concentration in the sheath, the voltage drop is proportional to square 
of its instantaneous size 


n ; 
U, = Erd) = T L[1 + cos(ot)P2. (10.3.7) 
2 4e0w 


Taking into account that the sheaths’ half-size L/2 can be interpreted as 
amplitude of electron oscillation jo/ens-1/w, the Equation 10.3.7 for the 
voltage drop on the “right-hand” sheath (subscript “r”) is 


i 


= — "9 __[1 + cos(w t]. (10.3.8) 
2eqwens 


Ur 


The voltage drop on the space charge sheath near the opposite “left-hand” 
sheath (subscript “1”) is in counter-phase with the voltage 
ae 
Uy = -——2&— [1 — cos(m Hf’. (10.3.9) 
2enw2ens 


The total voltage Us related to the space charge sheaths obviously can be 
presented as a sum of voltages corresponding to both electrodes 


242 . 
U; = U, + Uy = —2— cos(wt) = L coslo t. (10.3.10) 
£9WeNs E0% 


Analyzing Equation 10.3.10, the following two conclusions regarding the 
space charge sheaths are reached: (1) Total voltage drop on the space charge 
sheaths includes only the principal harmonic (œ) of the applied voltage, while 
the voltage drop on each sheath separately contains constant component and 
second harmonics (2w). (2) Assuming the electric current density defined in 
Section 10.3.4 as j = —josin(wt), one can see that the phase shift between 
voltage and current in the space charge sheath corresponds to the capacitive 
resistance. 
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10.3.6 Equivalent Scheme of a Capacitively Coupled RF Discharge 


As seen from the current-voltage relation (Equation 10.3.10), the space charge 
sheath can be interpreted by the equivalent capacitance 


oS 


G= (10.3.11) 


This capacitance corresponds to the capacitance of the vacuum gap with the 
width equal to the total size of the space charge sheaths L. If the total size of 
the space charge sheaths L does not depend on the discharge current, then the 
equivalent capacitance (Equation 10.3.11) is constant and the discharge circuit 
can be considered as a linear one. Taking into account that the impedance of 
plasma (width Lp) has an inductive component (Equation 10.3.6) and the 
impedance of the space charge layers (width L) is capacitive, resonance in 
the discharge circuit related to their connection in series is possible on the 
frequency 


œ = wp,/L/Lp. (10.3.12) 


œp is the plasma frequency corresponding to the quasi-neutral plasma zone. 
Discharge voltage dependence on electron concentration in the plasma zone 
illustrating this resonance is shown in Figure 10.24 (Smirnov, 2000). The con- 
stant component of the space charge field is stronger than the electric field in 
plasma zone (see Figure 10.23). For this reason, even a small ionic current can 
lead to energy release in the sheath exceeding that in plasma zone. Discharge 
power per unit electrode area, transferred to the ions, can be estimated as a 
product of the ion current density determined at the mean electric field in the 
sheath 


i = enor mens, (10.3.13) 


E0% 


and the constant component of the voltage (Equation 10.3.8). Here, v; and 
bi are the drift velocity and mobility of ions. Thus the discharge power per 
unit electrode area related to ionic drift in a sheath can be expressed based on 
Equations 10.3.8 and 10.3.13 as 


3 jobi 

P= BaT (10.3.14) 
From Equation 10.3.14, the ionic power P; is proportional to the cube of 
the discharge current, inversely proportional to the gas pressure (because of 
bi x 1/p) and proportional to the cube of frequency and does not depend on 
the size of sheath. The discharge power transfer to ions in a sheath can be 
presented in the equivalent scheme by resistance Rs connected in parallel to 
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FIGURE 10.24 
Discharge voltage (Hg, 1.2 mTorr) as a function of plasma density related to discharge current 
(power grows from left to right). 


the capacitance of sheaths. This resistance is determined by voltage drop on 
the capacitance and power released in both sheaths 
g — Us/2 _ lol? 

S 2Pi 3 jobiS” 


(10.3.15) 


The total equivalent scheme of a capacitively coupled RF discharge is 
presented in Figure 10.25. The scheme includes the resistance Rg and the 
capacitance Cs of sheaths connected in parallel to each other, and then con- 
nected in series to the active resistance of sheaths in plasma phase Rps and of 
plasma itself Rp. At relatively low pressures, when w > ve, the inductance of 


sheaths in plasma phase Ly and of plasma itself L©) (Equation 10.3.6) should 
be also taken into account in the equivalent scheme. 


10.3.7 Electron and lon Motion in the CCP Discharge Sheaths 


The drift oscillation of the electron gas “around ions” and hence, oscillation 
of the boundary between plasma zone and sheath is harmonic only if the 
ion concentration in the sheath is uniform (see Figure 10.23). Taking into 


FIGURE 10.25 
Equivalent circuit of a capacitively coupled RF discharge. 
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account the nonuniformity of the ion concentration, the boundary motion 
is not harmonic if j = —jo sin (œ t). For example, in the area of elevated ion 
density the boundary should move slower to provide the same change of the 
space charge field and hence, the same current. The equation for the plasma 
boundary motion can is 

e 


P Oe ay, (10.3.16) 
dx jo 


where z(x) is the phase of the plasma boundary in the position x (see 
Figure 10.23). The boundary of the zone where plasma is always quasi-neutral 
corresponds to z = 0, and the electrode location corresponds in this case to 
phase z = x. As can be easily derived from Equation 10.3.16, the velocity of 
the plasma boundary is inversely proportional to the ion concentration nj (x). 
In this case, the electric field in any point of sheath in the space charge phase 
can be calculated by the following simple relation 


E(x,t) = E koso t) — cosz]. (10.3.17) 


Time integration of E(x, t) gives the constant component of the space charge 
field in sheath 


z(x) . 

eas» | E(x, tm dt = (sinz — zcosz). (10.3.18) 

x W TEQ 
0 


This constant component of the electric field determines the motion of ions 
in the sheath. At relatively high pressures and low values of the reduced 
electric field, the ion drift velocity is proportional to the above determined 
constant component of electric field (E(x)) 


vi = D(E(x)), (10.3.19) 
bi is the ion mobility. At higher electric field, ion energies received on the 


mean free path become comparable with the thermal energies, and ion drift 
becomes proportional to square root of electric field 


chin? 


a E: (10.3.20) 


i = 


Here, ^i is the mean free path of an ion in the sheath and M is the ionic 
mass. It is important to note that the relation for ion velocity in form of 
Equation 10.3.20 is the most typical one for the case of low pressure CCP 
discharges. In the case of low pressures, the ionic motion can be considered 
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collisionless. The ion velocities at such pressures are determined by potential 
drop U corresponding to the ionic motion 


| 2eU 


Analysis of the ion density distribution in sheaths is an important step in 
describing nonthermal RF CCP discharges. This distribution can be found in 
general from the continuity equation taking into account the ions drift and 
diffusion as well as ionization and recombination processes 


mi + V[—DaVnj + nivi] = I(n, (E)) — R(n, (E)). (10.3.22) 
In this equation, Da is the coefficient of ambipolar diffusion, I (n, (E)) is the 
ionization rate, and R(nj;, (E)) is the recombination rate. The constant compo- 
nent of the electric field of space charge in the sheath (Equation 10.3.18) is 
quite high, and its contribution to the ionic motion is more significant than 
the one related to temperature (which is Te for ambipolar diffusion). For this 
reason, the contribution of diffusion in the continuity equation is important 
only in the vicinity of plasma zone. Otherwise the ionic drift in the space 
charge field mostly determines the motion of ions in the sheath and con- 
tributes most in the continuity equation. The continuity equation combined 
with the above relations for the ion drift velocity can be solved to deter- 
mine the ion density distributions in the CCP sheaths. However, sometimes 
simple estimations assuming a constant ion concentration in sheaths (see Fig- 
ure 10.23) are sufficient for good qualitative analysis. Further consideration 
requires specification of gas pressure in the discharge. 


ee 
10.4 Nonthermal CCP Discharges of Moderate Pressure 
10.4.1 General Features of the Moderate Pressure CCP Discharges 


Moderate pressure CCP discharges are those, where the energy relaxation 
length i. is less than size of plasma and sheaths 


Ree Ale: (10.4.1) 


The moderate pressure range corresponds to the interval 1-100 Torr. In this 
pressure range 


w < Sve, (10.4.2) 


where ŝis the average fraction of electron energy lost per one electron collision, 
ve is the frequency of the electron collisions. The inequality (Equation 10.4.2) 
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means that electrons lose (and gain) energy during a time interval shorter 
than the period of electromagnetic RF oscillations. The EEDFs and hence 
ionization and excitation rates, are determined in the moderate pressure dis- 
charges by local and instantaneous values of the electric field. In particular, 
this results in important contributions of ionization in the sheaths, where elec- 
tric fields have maximum values and are able to provide maximum electron 
energies. Peculiarity of the moderate pressure CCP discharges is the possi- 
bility of two qualitatively different forms, which are referred to as the a- and 
the y-discharges (Levitsky, 1957). 


10.4.2 œ- and y-Regimes of Moderate Pressure CCP Discharges, Luminosity 
and Current-Voltage Characteristics 


The experimentally observed main differences between the a- and y-regimes 
of the moderate pressure CCP discharges are related to electric current density 
and luminosity distribution in the discharge gap. Pictures of two regimes of a 
moderate pressure CCP discharge are shown in Figure 10.26; related luminos- 
ity distribution across the gap is shown in Figure 10.27 (Yatsenko, 1981). The 
a-discharge can be characterized by low luminosity in the plasma volume. 
Brighter layers are located closer to electrodes, but layers immediately adja- 
cent to the electrodes are dark in this case. The y-discharge takes place at much 
higher values of current density. In this regime, the discharge layers immedi- 
ately adjacent to the electrodes are very bright, but relatively thin. The plasma 


FIGURE 10.26 

Pictures of a- and y-ICP-discharges (air, 10 Torr, 13.56 MHz, 2 cm). (Adapted from Raizer, Yu. P., 
M.N. Shneider, and N.A. Yatsenko, 1995. Radio-Frequency Capacitive Discharges. Nauka (Science), 
Moscow. CRC Press, New York.) 
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FIGURE 10.27 
Emission intensity distribution along the discharge gap (air, 10 Torr, 13.56 MHz, 2 cm). 


zone in also luminous and separated from the bright electrode layers by dark 
layers similar to the Faraday dark space in the DC glow discharges. Key 
differences in physical characteristics of the a- and y-discharges are related 
to the fact, that the contribution in the y-regime ionization processes is due 
to ionization provided by secondary electrons formed on the electrode by 
the secondary electron emission and accelerated in a sheath. This ionization 
mechanism is similar to that in the cathode layers of glow discharges. This is 
the reason why the main features of the sheaths in y-discharges are similar to 
those of cathode layers. Both the a- and y-discharges operate at normal current 
density in the same manner as glow discharges. This means that an increase 
of the discharge current is provided by a growth of the electrode area occu- 
pied by discharge, while the current density remains constant. The normal 
current density in both regimes is proportional to the frequency of electro- 
magnetic oscillations, and in the case of y-discharges it exceeds the current 
density of a-discharges more than 10 times. Current-voltage characteristics 
of the moderate pressure CCP discharge at different conditions are shown in 
Figure 10.28 (Raizer et al., 1995). One can see the qualitative change of the 
current-voltage characteristics related to lower and higher levels of the RF 
discharge current. Currents less than 1 A correspond on these characteristics 
to the a-discharges, higher current are related to the y-discharges. Normal 
a-discharge can be observed on the curves 2 and 4 of the figure, where there 
is no essential change of voltage at low currents. Most of curves, however, 
show that an a-discharge is abnormal just after breakdown. The current den- 
sity is so small in this regime that the discharge occupies the entire electrode 
immediately after breakdown, which leads to voltage growth together with 
current. Transition from the a-regime to the y-regime takes place when the 
current density exceeds some critical value, which depends on pressure, 
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FIGURE 10.28 

Current—voltage characteristics of CCP discharge. 13.56 MHz: (1) He (p = 30 Torr, Lo = 0.9 cm); 
(2) air (30 Torr, 0.9 cm); (3) air (30 Torr, 3 cm); (4) air (30 Torr, 0.9 cm); (5) CO» (15 Torr, 3 cm); (6) 
air (7.5 Torr, 1 cm); (7) air (7.5 Torr, 1 cm). 


frequency, electrode material and type of gas. The a-y transition is accom- 
panied by a discharge contraction and by more than an order of magnitude 
growth of the current density. Increase of current in the y-regime after tran- 
sition does not change the voltage and the discharge remains in normal 
regime. 


10.4.3 o-Regime of Moderate Pressure CCP Discharges 


Two mechanisms provide ionization in sheaths. One is related to ionization 
in the plasma phase when the sheath is filled with electrons. This mechanism 
dominates in a-discharges. The term “a-discharge” by itself reminds one of 
the influences of the first Townsend coefficient « on this ionization process 
(see Section 7.1.5). The second mechanism is related to ionization provided 
by secondary electrons, produced as a result of secondary electron emission 
from electrodes. This mechanism dominates in y-discharges. The term “y- 
discharge” by itself shows the important contribution of the third Townsend 
coefficient y on this ionization process. The ionization rate in the a-regime can 
be calculated using the approximation (Equation 4.4.5) for the first Townsend 
coefficient, and taking into account that the electric field and electron density 
are related in the plasma phase by Ohm’s law: j = neebeE, where be is the 
electron mobility. Thus the ionization rate in the a-regime can be expressed 
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as (Smirnov, 2000) 


j 1 
In(x,t) = Ape Isin œt] exp(- fe (10.4.3) 


no sin œt 


where the concentration parameter no = jo/ebeBp (the concentration param- 
eter no does not depend on pressure, because the electron mobility be « 1/p). 
This ionization rate grows exponentially with the instantaneous current and 
with a decrease of the charge density (this leads to a monotonic decrease of ion 
concentration from plasma boundary to electrode). The exponential increase 
of Ia (x, t) at lower electron concentration permits neglecting recombination in 
sheaths. Motion of the plasma boundary and corresponding time dependence 
of the ionization rate in different points of sheath is illustrated in Figure 10.29. 
The coordinate “x” is calculated from the quasi-neutral plasma zone (see Fig- 
ure 10.23), where x = 0 and phase z = 0, to the electrode, where x = 2x9 and 
the phase z = x. The evolution of the ionization rate in three different points 
of the sheath presented in Figure 10.29 can be interpreted as follows: 


1. Near the plasma zone, where the coordinate x < x9 and phase z < 
x/2: the ionization rate of the a-discharge I, reaches a maximum 
value when the current is in maximum. This takes place when wt = 
x/2 and wt = 31/2. 


2. Inthe midpoint of the sheath, where the coordinate x = xp and phase 
z = 1/2: electrons appear only when the electric field in the plasma 
already reached its maximum. That is the reason the ionization peak 
shown in Figure 10.29 is vertical (actual width is about the Debye 
radius). A similar phenomenon, but reverse in time, takes place at 
the phase z = 32/2. 


3. Closer to the electrode, where the coordinate x > xo and phase z > 
1/2, the electrons are absent in the moment of maximum current; 
the maximum of ionization is shifted until wt = z (when electrons 
appear). Taking into account the strong I, dependence on electric 
field, the ionization rate significantly decreases near the electrode 
(x > xo). Most ionization in the moderate pressure a-discharge takes 
place near the boundary of the plasma zone 0 < x < x. This explains 
the luminosity distribution, see Figures 10.26 and 10.27. If ne >> no in 
Equation 10.4.3, then the ionization maximum peak is very narrow. 


10.4.4 Sheath Parameters in -Regime of Moderate Pressure 
CCP Discharges 


The sheath parameters in the a-regime can be estimated based on the follow- 
ing simple assumptions: the ion concentration in the sheath ns is constant; the 
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FIGURE 10.29 
Plasma boundary motion and time dependence of ionization in different shift positions. 


ionization rate follows Equation 10.4.3 at z < 1/2, and ionization is absent 
near the electrode I, = 0 at z > 1/2. Balancing the ion flux to the electrode 
(Equation 10.3.13) and the ionization rate in the sheath I,L/2, the ion density 
in the sheath can be derived 


ABp?so [2 be 1 2/5 
ne = no | ie (=) = mln A. (10.4.4) 
e mt bi no \ns 


A and B are parameters of the Townsend relation for the a-coefficient 
(Equation 4.4.5); no is the pressure-independent concentration parameter 
introduced above in Equation 10.4.3; p is the gas pressure; be and bi are the 
electron and ion mobilities; In A is a logarithmic factor only slightly changing 
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with other system parameters. Taking into account that no = jo/ebeBp, one 
can conclude that the ion concentration in the sheath is proportional to the 
discharge current, does not depend on frequency and only logarithmically 
depends on gas pressure. Then the sheath size can be determined as 


2j) 2ebeB 
ia hea (10.4.5) 
ons olnA 


From Equation 10.4.5, the sheath size in the a-regime is inversely propor- 
tional to the electromagnetic oscillation frequency and does not depend on 
the current density. 


10.4.5 The y-Regime of Moderate Pressure CCP Discharges 


The electric field of the a-discharge in the space charge phase grows propor- 
tionally with current density. Also, the multiplication rate of the y-electrons 
(formed as a result of the secondary electron emission from electrodes) 
increases exponentially with the electric field in the sheath. As a result, 
reaching a critical value of the current density leads to “the breakdown of 
the sheath” and transition to the y-regime of the CCP discharge. The max- 
imum ionization in the ay-regime of the CCP discharge occurs when the 
electric field in the sheath has the maximum value. This takes place at the 
moment when the oscillating electrons are located furthest from the elec- 
trode (z = 0, z = 2m). This effect is illustrated in Figure 10.29 in comparison 
with the space and time ionization evolution in a-discharges. To estimate 
the sheath parameters in the y-regime of moderate pressure CCP discharges, 
balance the averaged ion flux to electrodes 


(Ti) = bi (E(x, t)) (10.4.6) 


and multiply the y-electrons in the sheath taking into account the evolution 
E(x, t) of the electric field 


d(t) 
(f I, as] = (riep | 
0 


I,(x,t) is the ionization rate term physically similar to Equation 10.4.3 but 
related to the contribution of y-electrons; y is the coefficient of secondary 
electron emission from the electrode; I; is the ion flux on the electrode; d (t) is 
the instantaneous size of the sheath, a(E) is the first Townsend coefficient. The 
above balance of the averaged ion flux to electrodes and the multiplication 
of the y-electrons in the sheath is similar to the corresponding balance in 
the cathode layer of glow discharges (see Section 7.2.1). The main difference 


a(E(x, t) dx — n), (10.4.7) 
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FIGURE 10.30 
Current-voltage characteristic of y-discharge (air, 13.56 MHz, 30 Torr) and ion current 
ratio/discharge current ratio. 


between these two cases is related to the fact that ion current in the sheath of 
CCP discharges is not equal to the discharge current, because of significant 
contribution of the displacement current. Current—voltage characteristics of 
the sheath in the CCP discharge in air at 30 Torr pressure calculated based 
on Equations 10.4.6 and 10.4.7, is presented in Figure 10.30 (Smirnov, 2000) 
together with the ratio of ion current to the total current in the discharge. As 
expected, the current-voltage characteristic shown in Figure 10.30 is similar to 
the cathode voltage drop dependence on current density in glow discharges 
(see Sections 7.2.2 and 7.2.3). For this reason the effect of normal current 
density, discussed in details for the glow discharges (see Section 7.2.3), also 
takes place in the y-regime of the moderate pressure CCP discharges with 
metallic electrodes as well. 


10.4.6 Normal Current Density of y-Discharges 


The effect of normal current density in the y-regime of the CCP discharge 
with metallic electrodes can be illustrated using Figure 10.30, where the nor- 
mal current density jn corresponds to the minimum of the current-voltage 
characteristics Up(jo). At lower current density j < jn the current-voltage 
characteristics are “falling,” which is generally an unstable condition. For 
example, any small increase of current density in this case, due to some fluc- 
tuation, results in lower voltages necessary to sustain the ionization. Then the 
actual voltage exceeds the required one, and current density grows until the 
normal regime j = jn. The right branch (j > jn) of the current-voltage char- 
acteristics Up(jo) is stable in general, but not stable at the edge of the sheath 
on the boundary of current-conducting and currentless areas of the electrode. 
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Current growth in the y-regime of moderate pressure CCP discharges leads 
to an increase of the electrode surface area covered by the discharge, while the 
current density and sheath voltage drop remain the same and equal to their 
normal values: jn and Un. When the discharge covers the entire electrode, 
the voltage and current density in principal should begin growing. From Fig- 
ure 10.30, the growth of voltage and current density results in an increase 
of the fraction of ion conductivity current in the total discharge current. As 
soon as the ion conductivity current and displacement current become close 
(ji © jp), the parameter wt; ~ 1 and ion motion during an oscillation period 
can no longer be neglected. In this case, the inequality (Equation 10.3.3) is no 
longer valid, or the entire above-considered approach. The opposite limit of 
high ion conductivity current (ji > jp) can be interpreted as wt; < 1, which 
means that the CCP discharge should be considered as a low frequency one. 
Under these low frequency conditions, the CCP plasma resistance is almost 
completely active. There is sufficient time to establish cathode and anode 
layers during one oscillation period. This makes this CCP discharge regime 
even closer to that of the glow discharge. If the electrode is covered by a thin 
dielectric layer with capacitive resistance much less than discharge resistance, 
then general features of the CCP discharge remains as discussed above. The 
distributed capacitive resistance is able to determine the discharge current on 
the electrode surface, which leads to possibility of stabilizing the discharge 
at currents lower than the normal one j < jn (Raizer, Shneider, Yatsenko). The 
normal current density and the sheath voltage drop in the y CCP discharges 
with metallic electrodes can be found by minimizing the dependence Uo (jo): 


_ Bpaeo 
Jn za 2 


Wily), (10.4.8) 


where B is the parameter of Townsend formula for a-coefficient (Equation 
4.4.5), and the dimensionless function W1(y) characterizes the normal cur- 
rent density dependence on the secondary electron emission coefficient, 
see Figure 10.31 (Smirnov, 2000). The normal sheath voltage drop in the 
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FIGURE 10.31 
Dependence of functions on secondary electron emission coefficient. 
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y CCP discharges 


Un = Éin) (10.49) 
also includes the A,B parameters of the Townsend formula for a-coefficient 
(Equation 4.4.5), and the function 2(y) characterizing the influence of the sec- 
ondary electron emission coefficient (see also Figure 10.31). From Figure 10.31, 
the normal current density is seen to have weak dependence on the secondary 
emission y; the normal voltage drop grows with a decrease of y, but not sig- 
nificantly. Similar to the case of a DC glow, the sheath voltage drop does not 
depend on the pressure and is determined only by the type of gas and elec- 
trode material. The normal current density is proportional to the frequency of 
electromagnetic field and pressure. The pressure growth also leads to increase 
of the ion conductivity current 


ot b;B*e9Ap? 


= (10.4.10) 
‘do? 

At some critical pressure the ion current reaches the value of the displace- 
ment current (which corresponds to wt; ~ 1, see Equation 10.3.3), which leads 
to the discharge transfer in the low-frequency regime. Thus the upper limit 
pressure of the RF CCP discharge in y-regime can be expressed as 


207 (y)W2(y) 


CDA (10.4.11) 


10.4.7 Physical Analysis of Current-Voltage Characteristics of the 
Moderate Pressure CCP Discharges 


Example of current-voltage characteristic of a moderate pressure CCP dis- 
charge sheaths is shown in Figure 10.32 (Smirnov, 2000). The lower limit of 
the current densities (about 2 mA/cmĉ) is related to low electron conductiv- 
ity in plasma. This corresponds to the condition wte ~ 1 (see the inequality 
Equation 10.3.1), when the displacement current in plasma zone becomes 
necessary. The upper limit of the current densities (200 mA/cm?) is related to 
the ion density growth in the sheath with an increase of current density. The 
upper limit corresponds to the condition wt ~ 1 (see the inequality Equation 
10.3.3), when ion conductivity in sheaths becomes necessary. The current- 
voltage characteristic shown in Figure 10.32 between the lower and upper 
limits can be subdivided into three regions: 


1. The first region in this figure with current densities about 
2—20 mA/cm? corresponds to the a-regime of the moderate pressure 
CCP discharge. In this case, the sheath voltage drop grows with the 
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FIGURE 10.32 
Current-voltage characteristic of a CCP discharge in nitrogen (13.56 MHz, 15 Torr). 


current density, the sheath depth does not depend on the discharge 
current density, and the ion concentration decreases monotonically 
from the plasma zone to electrode. 


2. The second region with current densities about 20—100 mA/cm cor- 
responds to y-regime of the moderate pressure CCP discharge, where 
most of the ionization is provided by secondary electrons formed on 
the surface of electrodes by ion impact during the space charge phase 
of the discharge. The ion density in the sheath has a maximum value 
exceeding the ion concentration in the plasma zone, the ion den- 
sity in the sheath grows with the discharge current density, and the 
sheath depth decreases with current density. It results in the “falling” 
(and actually unstable) current-voltage characteristics in this 
region. 

3. The sheath in the third region with current densities about 
100—200 mA /cm is similar to the cathode layer of the abnormal DC 
glow discharge. The electric field E in the space charge phase is so 
high that the dependence a(E) is no longer strong. The high electric 
field leads to longer distances necessary to establish the EEDFs. This 
result in essential nonlocal effects: secondary electrons provide sig- 
nificant ionization in the plasma phase, and the maximum density 
of charged particles shifts from the sheath to the plasma zone (with 
possible formation of the Faraday dark space). Obviously, the min- 
imum point on the Uo(jo) curve corresponds to the normal current 
density of the y-discharge. 


10.4.8 «-y Transition in Moderate Pressure CCP Discharges 


Here, the electric field in the sheath is not very high at low current den- 
sities corresponding to the a-regime (see Figure 10.32). For this reason, 
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multiplication of electrons formed on the electrode surface due to secondary 
emission can be neglected in this regime. Growth of the current density and 
the related growth of the electric field lead to increasing intense multiplica- 
tion of the secondary y-electrons, which finally results in the phenomenon 
of the a-y transition. At first, the increase of current density makes the mul- 
tiplication of the secondary y-electrons essential only near the electrodes, 
where the electric field has the maximum value. In this case, the maximum 
of the ionization rate function I, is located in the vicinity of an electrode, where 
the drift in the electric field of the space charge determines the ions flux and 
the contribution of diffusion is not significant. This can result in density pro- 
files with a minimum. The a-y transition takes place when the generation of 
the ion flux due to multiplication of the secondary y-electrons exceeds the ion 
flux produced in the plasma phase. This requires current densities exceeding 
the critical value 


ApL 
: [m ( (: 3 5 =) ape | 
Y 4 J crit 


The critical value of current density, calculated from Equation 10.4.12 and 
corresponding to the a-y transition is shown in Figure 10.32 by an arrow. From 
Equation 10.4.12, the critical current density of the a-y transition in moderate 
pressure CCP discharges grows with the oscillation frequency. The numerical 
dependence j.rit(w) is presented in Figure 10.33 (Smirnov, 2000). Similar curve 
describes the critical current density dependence on gas pressure. 


jerit = Bpweo In7! 


(10.4.12) 
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FIGURE 10.33 
Experimental and calculated a-y transition current dependence on frequency. Air (0.75 cm, 15 
Torr). 
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10.4.9 Some Frequency Limitations for Moderate Pressure CCP Discharges 


General frequency limitations in the RF discharges were discussed in Sec- 
tion 10.3.1. Now consider a frequency limitation important for the moderate 
pressure CCP discharges. The sheath depth decreases with growth of the 
oscillation frequency. At high frequencies, the inequality L >> ^e, which deter- 
mines the domination of local effects in forming the EEDF, is no longer valid 
(Ae is the length of electron energy relaxation). The nonlocal effects typical 
for low-pressure discharge systems become important in these systems. Dur- 
ing the formation of the high-energy tail of the EEDF, the displacement of 
electrons can be longer than typical sizes of the discharge system. The char- 
acteristics of the sheaths at high frequencies become similar to those at low 
pressures; ionization takes place in the plasma zone, and the ion flux in sheath 
is constant. The mean free path of electrons in air at pressure 15 Torr is about 
0.02 mm, and the length of electron energy relaxation and formation of the 
EEDF can be calculated as ^s ~ 0.5mm. The sheath depth becomes shorter 
than this value of the length of electron energy relaxation at frequencies 
exceeding 120 MHz. This means that at gas pressures of 15 Torr, the CCP 
discharges can be considered as one of moderate pressure if the oscillation 
frequencies does not exceed about 60 MHz. The RF CCP discharges of moder- 
ate pressure were investigated mainly related to their application in powerful 
high efficiency waveguide CO; lasers. The first He-Ne and CO} lasers were 
based on the CCP RF discharges (see Javan et al., 1961; Patel, 1964; Raizer 
et al., 1995). 


10.5 Low-Pressure CCP RF Discharges 
10.5.1 General Features of Low-Pressure CCP Discharges 


Low pressure RF discharges (less than about 0.1 Torr) are widely used in 
electronics for etching and different kinds of CVD processes. A scheme of 
a low pressure CCP discharge installation applied for the surface treatment 
is illustrated in Figure 10.34. This large-scale application stimulated inten- 
sive fundamental and applied research activity during last decades (see, e.g., 
Vossen and Kern, 1978, 1991; Manos and Flamm, 1989; Konuma, 1992; Lieber- 
man and Lichtenberg, 1994). Luminosity pattern of the low-pressure CCP 
RF discharges is different from that of moderate pressure discharges. In this 
case, the plasma zone is bright and separated from the electrodes by dark 
pre-electrode sheaths. The discharge usually has an asymmetrical structure: 
a sheath located by the electrode where the RF voltage is applied is usually 
about 1 cm thick, while another sheath located by the grounded electrode is 
0.3 cm thick. In contrast to moderate pressure discharges, plasma fills out the 
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Substrate 


Cooler Heater 


FIGURE 10.34 
Schematic of a low-pressure CCP discharge. 


entire low-pressure discharge gap after breakdown, and the phenomenon of 
normal current density does not take place. 


10.5.2 Plasma Electrons Behavior in the Low-Pressure Discharges 


According to the definition from Section 10.3.1, electron energy relaxation 
length i, in the low-pressure RF CCP discharges characterizing thickness of 
plasma zone and sheaths exceeds the sizes of the system 


he > Lp, L. (10.5.1) 


This means that the EEDF is not local; it is determined not by the electric 
field in a fixed point but by the entire distribution of the electric fields in the 
zone of size ^s. Numerically the inequality (Equation 10.5.1) for He-discharges 
implies, p(Lp,L) < 1 Torr cm. The inequality (Equation 10.5.1) usually occurs 
together with the following 


w > BVe, (10.5.2) 


where ô is the average fraction of electron energy lost per one electron colli- 
sion, Ve is the frequency of the electron collisions [compare the inequalities 
(Equations 10.5.1 and 10.5.2) with the opposite requirements in Equations 
10.4.1 and 10.4.2]. Criterion (Equation 10.5.2) actually means that the charac- 
teristic time of formation of the EEDF is much longer than the period of RF 
oscillations, which permits considering the EEDF as a stationary one. If at the 
same time w < ve, then the “DC-analogy” is still valid. This means that the 
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EEDF in the low-pressure CCP RF discharge is the same as that in the con- 
stant electric field Ey//2 (where Eo is amplitude of the RF oscillating field). 
The electric field in the low-pressure CCP RF plasma (as well as in sheaths) 
can be divided into constant and oscillating components. The constant com- 
ponent of electric field in the plasma (including plasma zone and sheaths in 
plasma phase) provides a balance of electron and ion fluxes, which is neces- 
sary for quasi-neutrality. The oscillation component of electric field provides 
the electric current and heating of the plasma electrons. Distribution of plasma 
density and electric potential ọ (corresponding to the constant component of 
electric field) is illustrated in Figure 10.23b and c. The electric field in the space 
charge sheath exceeds that in the plasma. For this reason, the sharp change of 
potential on the boundary of plasma and sheath is shown in Figure 10.23 as 
a vertical line. Thus the plasma electrons move between the sharp potential 
barriers satisfying the conservation of total energy, which can be expressed as 


1 
e= zmo +ed. (10.5.3) 
Here, ve is the velocity of the electron, m is an electron mass, and = —¢ is 


the electric potential corresponding to the constant component of electric field 
and taken with opposite sign (because “e” is considered positive). The EEDF 
depends only on the total electron energy (Equation 10.5.3). Kinetic equation 
for the EEDF in the Fokker—Planck form (see Sections 4.2.4 and 4.2.5) is similar 
to this case with that in the local approximation, but the diffusion coefficient 
in energy space should be averaged over the entire space interval where the 
electron moves. 


10.5.3 Two Groups of Electrons, lonization Balance, and Electric Fields 
in Low-Pressure CCP Discharges 


All plasma electrons in the low-pressure CCP discharges can be divided into 
two groups. The first group consists of electrons with kinetic energy below 
the potential barrier on the sheath boundary (see Equation 10.5.3 and Fig- 
ure 10.23). These electrons trapped in the plasma zone are heated by the 
electric field in this zone, which is determined by plasma density np 


_ jome 
Pca 2, 
npe 


(10.5.4) 


The second group of electrons has kinetic energy exceeding the potential 
barrier ed on the sheath boundary. These electrons spend part of their time 
inside of the sheath, where the density ns is lower, and the electric field in the 
plasma phase is higher 


omv 
Es = 2" 
nse 


> Ep- (10.5.5) 
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The energetic electrons of the second group are heated by the averaged 
electric field 


(E2(e)) = PE a ~ (1 +) E2, (10.5.6) 


Lp, L, and Lo are lengths of the plasma zone, sheaths, and the total discharge 
gap, respectively; the square of electric field is averaged in Equation 10.5.6 
because it determines the electron heating effect. The fast electrons provide the 
main ionization in plasma zone, where their kinetic energy has a maximum 
value. The “DC-analogy” can be applied in this case for the fast electrons by 
using the effective electric field 


A B (10.5.7) 
eE g w? + v2 


The electric field (Equation 10.5.7) can be used in the formula for calculation 
of the ionization frequency: 


B 
I= Ap = Ee exp (=) ; (10.5.8) 
e 


Vv Eeff/p 


where A and B are the special parameters of this relation determined by type 
of gas, somewhat similar to those of the Townsend formula. Balancing the 
ionization in volume (Equation 10.5.8) and ion flux to the electrode: Ti = nsvi, 
where the velocity vi is determined by Equation 10.3.20, leads to the electric 
field 

EegpApLpe 


MVe4/ V2eijo/e0Mo 


The effective reduced electric field is determined by the constant B and only 
logarithmically depends on plasma parameters, and therefore is almost fixed 
in the low-pressure CCP RF discharges. 


Fett = B? In? 
4 


(10.5.9) 


10.5.4 High and Low Current-Density Regimes of Low Pressure 
CCP Discharges 


Assuming the electric field is fixed, the electron concentration in the plasma 
is proportional to the current density in the same manner as it takes place 
in the DC-glow discharges. This gives a possibility to separately consider 
the cases of relatively high and relatively low current densities. If the current 
density (and hence np) is relatively low, then according to Equations 10.5.4and 
10.5.5, the electric field in plasma is relatively high and heating of electrons 
takes place mostly in the plasma zone (also taking into account the larger size 
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of this zone). The voltage drop is determined by the electron energy, and its 
value numerically is near the lowest level of electronic excitation of neutral 
particles. In general, the plasma zone determines all discharge properties at 
low current densities. The sheaths are then arranged in a way necessary to 
close the discharge circuit by displacement current and to provide ion flux 
from the plasma zone. If the current density (and hence the density np) is 
relatively high, then according to Equations 10.5.4 and 10.5.5, the electric field 
in the plasma zone is much lower with respect to the electric field in sheaths 
in the plasma phase. Hence most of the electron heating effect takes place in 
sheaths in the plasma phase. In the high current density regime, the ionization 
balance determines the electric field and hence the ion density n,in the sheath. 
Thus, based on Equations 10.5.5 through 10.5.7, the effective electric field can 
be expressed as 

2 L jim 
eff ~ Io 5 Lo net ` 


(10.5.10) 


Taking into account that the effective electric field Egg is fixed, Equation 
10.5.10 gives 


x jĝ. (10.5.11) 


alae 


The Poisson equation requires the relation between the ion density in 
sheaths and current density 


nsL 0 jo. (10.5.12) 


The combination of Equations 10.5.11 and 10.5.12 leads to the conclusion 
that the sheath size L does not depend on current density jp in the regime 
when the current density is high. At the same time, the ion concentration in 
the sheath is proportional to the current density. Thus, in general, all discharge 
properties at high current densities are determined by the sheaths. The plasma 
zone is then arranged in the way necessary to provide the required ion current 
in the sheath. 


10.5.5 Electron Kinetics in Low-Pressure CCP Discharges 


Heating of the electron gas can be described by the Fokker—Planck kinetic 
approach (see Section 4.2.4) as the diffusion flux along the electron energy 
spectrum. In this case, the electron heating is proportional to the derivative 
over the energy of the EEDF df (e)/d¢ and to the diffusion coefficient D, in the 
electron energy space, which depends on electric field and the heating mecha- 
nism. In general, the diffusion coefficient Ds in energy space can be expressed 
for the RF discharge systems based on Equation 4.2.25 in the following form 


! (eEv)? 
~ 6o + v2 


Ve) (10.5.13) 
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where E is the amplitude value of the electric field. The electrons can be 
divided into two groups corresponding to high and low energies relative to 
the potential on the sheath boundary. The diffusion coefficient in energy space 
(Equation 10.5.13) can be expressed in somewhat different ways for each of 
the two electron groups. Electrons of the first group are relatively “cold,” and 
have kinetic energy lower than the potential energy on the sheath boundary. 
Thus, the “cold” electrons are unable to penetrate the sheath. Their diffusion 
in energy space is determined by the electric field in the plasma and can be 
expressed as 


eve 


Dec (£) = —— Ese 6m(o2 + v2)" 


(10.5.14) 


Ep is the electric field in plasma zone (Equation 10.5.4), ¢ is the electron 
energy, Ve is the frequency of their collisions. The second group includes the 
“hot” electrons, which have energies exceeding the potential on the sheath 
boundary £ > ed. These electrons are able to spend part of the time in the 
sheaths and therefore their diffusion in the energy space is determined by the 
averaged electric field (Equation 10.5.6) 


L L eo ev 
Dan = | P E2 + (1 ) ez] e 10.5.15 
a E P Io e) $| 6m (œ? + v2) | ) 


In this relation, Es is the electric field in the sheath (plasma phase) and 
determined by Equation 10.5.6; Lp, L, and Lo are lengths of the plasma 
zone, sheaths, and total discharge gap, respectively; p is the potential bar- 
rier between the plasma and the sheath. It is reasonable to assume in these 
discharges that electrons lose all their energy in nonelastic collisions (corre- 
sponding to the lowest level of electronic excitation £1) and then return to 
the low energy region of the EEDF. Then one can conclude that the integral 
flux in the energy space should be constant over the electron energy interval 
0 < e < £1. This means that the EEDF is a very smooth function of energy. 
Then the density of the charged particles in the plasma and sheath can be 
presented as a product of the averaged value of the EEDF (f° for cold elec- 
trons, f for hot electrons) and the corresponding volume in energy space. 
Thus, the concentration of charged particles in the plasma zone can be given 
as (Smirnov, 2000) 


8 
Np © Sn 0 (ep)3/2, (10.5.16) 


Similarly, the electron density in sheaths in the plasma phase can be 
expressed as 


8V2 0 oj 


ns ~ = Shh ? — (9)97]. (10.5.17) 
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Derivatives of the EEDF can be estimated in a similar manner as the aver- 
aged EEDF divided by the relevant interval in the energy space, which permits 
calculating fluxes in the energy space. Balancing the fluxes, one can derive 
the equation for the potential barrier on the plasma sheath barrier 


ea) pa e F(a P (10.5.18) 
ed eLp jo 8 —eb eb 2weg ) = 


From Equation 10.5.18, the potential barrier ed on the plasma corresponds 
to the lowest energy level £1 of electronic excitation. Combination of Equa- 
tions 10.5.6, 10.5.9, and 10.5.18 allows determining the sheath size L, potential 
barrier ed, and as a result, all other discharge parameters. 


10.5.6 Stochastic Effect of Electron Heating 


Electron heating in RF capacitive discharges of moderate pressures is due 
to electron—neutral collisions. Energy of the systematic oscillations received 
by an electron from the electromagnetic field after a previous collision can 
be transferred to chaotic electron motion during the next collision. If the gas 
pressure is sufficiently low and œ? >> v2, then the electric conductivity and 
Joule heating are proportional to the frequency of electron—neutral collisions 
Ve (see Equations 6.6.10 and 6.6.11). This means that the discharge power 
related to electron—neutral collisions also should be very low at low pressures. 
However, experimentally, the discharge power under such conditions can be 
significantly higher because of the contribution from stochastic heating. This 
effect, which provides heating of fast electron in RF discharges even in the col- 
lisionless case, was first considered by Godyak (1971a,b), see also Lieberman 
(1988). The physical basis of stochastic heating can be easily explained when 
the pressure is so low that the mean free path of electrons exceeds the size of 
sheaths. Here, the electrons entering the sheath are then reflected by the space 
charge potential of the sheath boundary. This process is similar to an elastic 
ball reflection from a massive wall. If the sheath boundary moves from the 
electrode, then the reflected electron receives energy; conversely, if the sheath 
boundary moves toward the electrode and a fast electron is “catching up” to 
the sheath, then the reflected electron loses its kinetic energy. The electron flux 
to the boundary moving from the electrode exceeds that for one moving in 
the opposite direction to the electrode; therefore, energy is transferred to the 
fast electrons on average by this mechanism; this explains the stochastic heat- 
ing. The stochastic heating can be described by means of a special stochastic 
diffusion coefficient in energy space Dest and an effective “stochastic” elec- 
tric field Est. These can be calculated noting that the frequency of the electron 
“collision” with the potential barrier is the inverse time of the electron motion 
between electrodes 
v2e/m 


Q= : 10.5.19 
7 (10.5.19) 
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The diffusion coefficient in the energy space is determined by the square of 
energy change per one collision and frequency of the collisions. The velocity 
of the moving sheath boundary coincides with the electron drift velocity in the 
sheath; hence, the energy change during a collision with the boundary is the 
same as that for a collision with neutral particles. For this reason, the diffusion 
coefficient in energy space related to the stochastic heating can be obtained 
from Equation 10.5.13 by replacing the electron—neutral collision frequency ve 
by the frequency (Equation 10.5.19) of “collisions” with the sheath boundary 


Dep 2G: (10.5.20) 
m 


The square of the effective stochastic electric field differs from that in the 
sheath in plasma phase Equation 10.5.5 by a factor of about Q/ve 


32 32 (jomve \* 
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In this relation, w >> ve. The effective “stochastic” electric field should 
replace E, in equations for potential and particle balance of the capacitive 
RF discharge at very low pressures. 


10.5.7 Contribution of y-electrons in Low-Pressure Capacitive 
RF Discharge 


Mean free paths of electrons with high energies of 500-1000 eV at gas 
pressures below 0.1 Torr becomes larger than 1 cm, which can exceed the 
discharge gap between electrodes. Such y-electrons accelerated near elec- 
trodes can move across the discharge gap without any collisions and not 
directly influence the ionization processes. However, the energetic y-electrons 
can make significant contribution to the physical and chemical processes on 
the electrode surface; this is essential in plasma-chemical application of the 
low-pressure capacitive RF discharge. Typical energy distributions of elec- 
trons and ions bombarding electrodes in low-pressure CCP discharges (p = 5 
mTorr) are shown in Figure 10.35. As seen from this figure, the flux of the fast 
electrons on the grounded electrode is close to that of ions, while the energies 
of these electrons reach 2 keV and greatly exceed those of ions. Thus the total 
electron energy also exceeds the total ion energy transferred to the grounded 
electrode. An interesting effect can take place if the time necessary for the 
secondary y-electrons to cross the discharge gap is longer than 1/w. Then the 
secondary electrons accelerated in one sheath slow down near the opposite 
electrode. Such resonant electrons can be trapped in the plasma and make 
contributions to ionization. 
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FIGURE 10.35 
Stopping potentials for charged particles bombarding electrodes in a CCP discharge. 


10.5.8 Analytical Relations for the Low-Pressure RF CCP 
Discharge Parameters 


The system of equations describing low-pressure capacitive RF discharges is 
complicated for analytical solutions. However, asymptotic solutions can be 
found for some extreme but practically important regimes. Consider, the low 
and high current discharge regimes, assuming collisional heating (ve >> w) 
and the proportionality of ion velocity in the plasma zone to the ambipolar 
electric field 
e 2 
Up = —. 
Myj Lp 


(10.5.22) 


Such assumptions are satisfied for discharge in argon if 0.5 < plo < 
1 Torr cm. 


1. Low-current regime of the low-pressure RF CCP discharge. Heating in the 
sheaths is negligible at low currents (LpES > LsE2), and the effective 
electric field is equal to 


Eu = Ep/v2. (10.5.23) 


Substituting this expression for the effective electric field into Equa- 
tion 10.5.9, the following relation for the electric field in plasma is 
obtained 


EpApLpe 
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The electric field in plasma only logarithmically depends on the 
current density, which is similar to the positive column of the DC glow 


Ep = 2B pin? (10.5.24) 
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discharges. The potential barrier eþ on the plasma-sheath boundary 
is about equal to the lowest energy level s1 of electronic excitation, 
and can be determined as 


bye, 1/2 wegM 1/4 
Sede 10.5.25 
aan l (sar) ( joe ee 


This potential barrier is almost constant, and can be estimated as 


2% 


taa 


(10.5.26) 


The concentration of charged particles in plasma is proportional to 
the current density 


jomve 
m= eE 
P 


œ jo. (10.5.27) 


The ions flux is also proportional to the current density and can be 
given by 


4 jo£1MVve . 
n Po eNGs x jo, (10.5.28) 
where ve and v; are the electron-neutral and ion-neutral collision fre- 
quencies. Sheaths do not make any contribution to electron heating in 
the low current regime. In this case, the sheath parameters are deter- 
mined by the ion flux from the plasma. Balancing the ion flux in the 
sheath with the one in plasma (Equation 10.5.28), the sheath thickness 
proportional to square root of current density can be found as 


3eEpLoMv; | /2%; j 
z — 3eEploMvi | V2M jo Bee: (10.5.29) 


2wE1MVe Mew 


Relation (Equation 10.4.5) between ns and the sheath thickness 
(Equation 10.5.29) gives the ion density in the sheath 


4 81MVe Moeojo - 
= V/ jo, 10.5.30 
"e= 3 EpeloMuy Jax P ene 


which is also proportional to the square root of current density. 
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2. High-current regime of the low-pressure RF CCP discharge. The main 
electron heating in the high current regime takes place in the sheaths. 
In this case, low energy electrons are heated by the relatively low 
electric field in the plasma zone, and their effective “temperature” 
decreases. For this reason, the ambipolar potential maintaining the 
low energy electrons in the plasma zone is less than the excitation 
energy. The expression for the effective electric field can be derived 
in this regime based on the Poisson equation and Equations 10.5.10, 


10.5.5 
[L DA TSN 
Fore = ,/ mm Es] —— ; 10.5.31 
eff aL °° ILo 2e (10.5.31) 


Comparing this relation with Equation 10.5.9 gives the sheath 
thickness 
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(10.5.32) 


The sheath thickness is determined by a balance of ionization and ion 
losses, and practically does not depend on the discharge current. The 
potential barrier on the sheath boundary in the high current regime 
of the low-pressure discharge can then be expressed as 


29 \¥ M ae 1 
eb =€ — Xx —. 10.5.33 
(sia) JV2er%4 jo jo ( ) 


In this case, the potential barrier of the sheath boundary is less than 
the excitation energy £1 and is inversely proportional to the dis- 
charge current. The charged particles concentration in the plasma 
zone increases quite strongly with the current density 


. . \3/2 3 
L 2erj LMy; 
ac 2jo Lp (2 i jo ) ( mi) a j3.. (10.5.34) 
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Ion concentration in the sheath is proportional to the discharge 
current density 
2; 
ns = CLA 


= io. 10.5.35 
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The critical current density jj dividing the above-described regimes 
of low and high currents can be found from Equation 10.5.33, 
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assuming that ed = 2/321 
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(10.5.36) 
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where the sheath thickness can be taken from Equation 10.5.32. 


10.5.9 Numerical Values of the Low-Pressure RF CCP 


Discharge Parameters 


Experimentally measured values together with numerically predicted val- 
ues of parameters of the low pressure capacitive RF discharge in argon are 
presented in Figure 10.36 as functions of current density (Smirnov, 2000). 


(a) Plasma 
concentration (cm~?) 


1013 Fa 
Fa 
101 
10° 
107 
10? 107 10° 101 102 
Current density (mA/cm?) 
(c) 
Sheath depth (cm) 
10° on e.. 
“æ 809 


10+ 10° 10 10 
Current density (mA/cm?) 


FIGURE 10.36 


(b) Mean energy of 
plasma electrons (eV) 


10} 10° 10! 102 
Current density (mA/cm?) 
(a) Discharge 


r power (mW/cm?) 
10 


10! 


107! 


10-3 
107? 1071 10° 10! 


Current density (mA/cm?) 


(a) Plasma concentration, (b) electron energy, (c) sheath depth, and (d) discharge power, as the 
function of current density. Solid curve—exact calculation. Dotted line—asymptotic formulas. 
Points—experimental (f = 13.56 MHz, Lo = 6.7 cm, p = 0.3 Torr). 
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Figure 10.36a illustrates the plasma concentration dependence on the dis- 
charge current density. The low-current branch of the dependence is linear 
in accordance with Equation 10.5.27, while at high currents this dependence 
is stronger (see Equation 10.5.34). The average energy of plasma electrons 
(e) is related with the potential barrier on the plasma-sheath boundary as 
(£) = 2/3eh. The dependence of the average energy of plasma electrons on 
the discharge current density is illustrated in Figure 10.36b. In good agree- 
ment with Equation 10.5.25, the average electron energy grows slightly with 
jo at low current densities. In contrast, at high current densities exceeding 
1mA/cm”, the average electron energy decreases inversely proportional to 
the current density (see Equation 10.5.33). The sheath thickness increases with 
current density as Vio at low currents (see Equation 10.5.29 and Figure 10.36c) 
and reaches the saturation level (see Equation 10.5.32) close to 1 cm at current 
densities exceeding 1 mA/cm’. Specific discharge power (per unit volume) 
grows with the current density as it shown in Figure 10.36d and reaches val- 
ues of about 1W/cm? at current densities about 10mA/cm” (see Godyak, 
1986; Godyak and Piejak, 1990a,b; Vender and Boswell, 1990; Godyak et al., 
1991; Wood, 1991; Vahedi et al., 1994.) 


10.6 Asymmetric, Magnetron and Other Special Forms of 
Low-Pressure Capacitive RF Discharges 


10.6.1 Asymmetric Discharges 


The RF CCP discharges are usually organized in grounded metal cham- 
bers. One electrode is connected to the chamber wall and therefore also 
grounded. Another electrode is powered, which makes the discharge asym- 
metric (Lieberman, 1989a,b). The current between an electrode and the 
grounded metallic wall in moderate pressure discharges usually has a reactive 
capacitive nature and does not play any important role. However, in low- 
pressure discharges, the situation is different. The plasma occupies a much 
larger volume because of diffusion, and some fraction of the discharge current 
goes from the loaded electrode to the grounded walls. As a result, the current 
density in the sheath located near the powered (or loaded) electrode usually 
exceeds that in the sheath related to the grounded electrode. Lower current 
density in the sheath corresponds to lower values of voltage in this sheath. 
The constant component of the voltage, which is the plasma potential with 
respect to the electrode, is also lower at lower values of current density. For 
this reason, a constant potential difference occurs between the electrodes if a 
dielectric layer covers them or if a special blocking capacitance is installed in 
the electric circuit (see Figure 10.37) to avoid direct current between the elec- 
trodes. This potential difference is usually referred to as the auto-displacement 
voltage. The plasma is charged positively with respect to the electrodes. The 
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(a) (b) 


FIGURE 10.37 
(a) RF discharge with disconnected and (b) DC-connected, electrodes. 


voltage drop in the sheath near the powered (loaded) electrode exceeds the 
drop near the grounded electrode. As a result, the loaded electrode has a neg- 
ative potential with respect to the grounded electrode. Thus the RF loaded 
electrode is called sometimes a “cathode.” 


10.6.2 Comparison of Parameters Related to Powered and Grounded 
Electrodes in Asymmetric Discharges 


Consider the asymmetric low-pressure CCP RF discharge between planar 
electrodes, illustrated in Figure 10.37. The ion flux to the powered electrode 
(cathode) can be expressed as 


= 
Ty © ng ae (10.6.1) 


where nsis the ion concentration near the loaded electrode, and je is the current 
density in this pre-electrode layer. In this case, the ion flux to the grounded 
electrode can be expressed by a similar formula 


Ti 
ewes, (10.6.2) 


where n, is the ion concentration near the grounded electrode, and jo is the 
current density in this pre-electrode layer. Fluxes (Equations 10.6.1 and 10.6.2) 
are formed in the plasma zone by means of diffusion. Taking into account that 
concentrations of charged particles in the sheaths are lower than those in the 
plasma zone ns, n; < np, and the symmetry of the system, one can conclude 
that the fluxes (Equations 10.6.1 and 10.6.2) should be equal. This leads to 
the inverse proportionality of the ion densities in the sheaths and the square 
roots of corresponding current densities 


eee ai (10.6.3) 
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Equation 10.6.3 shows that the charge concentration near the grounded 
sheath only slightly exceeds the one in the vicinity of the powered (or loaded) 
electrode. The electric field is determined by the space charge. For this reason, 
the ratio of current densities in the opposite sheaths can be expressed as 

jo _ nL 


jo NgL 


(10.6.4) 


Based on Equations 10.6.3 and 10.6.4, the relation between the thickness of 
the opposite sheaths and the corresponding current densities is obtained 


! + \ 3/2 
ogn (2) ; (10.6.5) 
L Jo 


From Equation 10.6.5, the thickness of the sheath located near the powered 
electrode is seen to be larger than the one in the vicinity of grounded electrode. 
Finally, taking into account that voltage drop in the sheaths U is proportional 
to the charge density and square of the sheath thickness, one can conclude 


/ if 5/2 
u in) 
— =f : 10.6.6 
u (2 ( ) 


In asymmetric discharges, the voltage drop near the grounded electrode 
can be neglected, and the auto-displacement voltage is close to the amplitude 
of the total applied voltage. The high charge density, low current density, 
and small sheath depth at the grounded electrode result in low intensity of 
electron heating in this layer. This is compensated by intensive heating of 
electrons in the “cathode” sheath. 


10.6.3 Battery Effect, “Short Circuit” Regime of Asymmetric 
RF Discharges 


The constant potentials of electrodes can be made equal by connecting (from 
the DC standpoint) the powered metal electrode with the ground through 
an inductance. Such a scheme is illustrated in Figure 10.37b. Here, the direct 
current can flow between the electrodes, which means that the electron and 
ion fluxes to each electrode are not supposed to be equal. The average volt- 
ages on the sheaths are the same in this regime of the asymmetric CCP RF 
discharge, which results in equal thickness of the sheaths. The sheath related 
to the grounded electrode has a lower current density. For this reason, the 
amplitude of the plasma boundary displacement is shorter than the thick- 
ness of the grounded electrode sheath. The main part of the sheath stays for 
the entire period in the phase of space charge. The plasma does not touch the 
electrode, and the ion current permanently flows to the grounded electrode. 
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Here, the average positive charge per period carried out from the discharge 
is compensated by the electron current to the powered electrode. Thus, the 
direct current in this regime is determined by the ion current to the grounded 
electrode as well as by the electron current to the powered one. The asym- 
metric RF discharge can be considered as a source of direct current. For this 
reason, the described phenomenon is usually referred to as the battery effect 
(Alexandrov et al., 1967). 


10.6.4 Secondary-Emission Resonant Discharge 


The low-pressure RF discharges can be sustained only by surface ionization 
processes without any essential contribution of the gas in the discharge gap. 
Consider an electron emitted from one electrode and moving in the accel- 
erating electric field toward another electrode, where it is able to produce 
a secondary electron during the secondary electron emission. If the electron 
“flight time” to the opposite electrode coincides with the half period of the 
electric field oscillations, then the secondary electron also can be accelerated 
by the electric field, which turned around during this “flight time.” To sustain 
such a resonant discharge regime, the secondary electron emission coefficient 
should exceed unity, which can take place at energies about 0.3-1 keV (see 
Figure 10.38) (Smirnov, 2000). The electron flight time tn necessary to sustain 
the discharge can be equal to one, or any odd number of half-periods. Thus 
for the nth order of the resonance 


fe Ope), (10.6.7) 
(69) 

where w is the frequency of the electric field oscillations in the discharge 

system. 


10.6.5 Radio-Frequency Magnetron Discharge, General Features 


The RF capacitive discharge is widely used in electronics and other industries. 
However, these discharges have some important disadvantages, limiting their 
application. First of all, the sheath voltages in RF CCP discharges are relatively 
high; this results in a given power level in low ion densities and ion fluxes 
as well as in high ion-bombarding energies. Also in these discharges the ion- 
bombarding energies cannot be varied independently of the ion flux. The 
RF magnetron discharges were developed especially to make the relevant 
improvements; in electronics these discharge systems are usually referred 
to as the magnetically enhanced reactive ion etchers (MERIE). In RF mag- 
netrons, a relatively weak DC-magnetic field (about 50-200 G) is imposed 
on the low-pressure CCP discharge parallel to the powered electrode and 
hence perpendicular to the RF electric field and current. The RF magnetron 
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FIGURE 10.38 
Secondary electron emission coefficient (o, dashed line) and inelastic emission coefficient (n) as 
functions of electron energy. 


discharge permits increasing the degree of ionization at lower RF voltages 
and decreasing the energy of ions bombarding the powered electrode (or a 
sample placed on the electrode for treatment). Also this discharge permits 
increasing the ion flux from the plasma, which in turn leads to intensifica- 
tion of etching. The RF magnetron discharges can be effectively sustained at 
much lower pressures (down to 10-4 Torr). As a result, a well-directed ion 
beam is actually able to penetrate the sheath without any collisions. The ratio 
of the ion flux to the flux of active neutral species grows, which also leads to a 
higher quality of etching. A general scheme of the RF magnetron used for ion 
etching (Okano et al., 1982) is shown in Figure 10.39. RF voltage is applied to 
the smaller lower electrode, where the sample under treatment is located. A 
rectangular samarium-cobalt constant magnet is placed under the powered 
electrode. As seen from Figure 10.39, the part of the electrode surface where 
the magnetic field is horizontal is quite limited and does not cover the entire 
electrode. For this reason, a special scanning device is used to move the mag- 
net along the electrode and to provide “part time” horizontal magnetic field 
for the entire electrode. The RF magnetron discharges also can be organized 
as cylindrical systems with coaxial electrodes (Lin, 1985; Knypers et al., 1988; 
Yeom et al., 1989a,b; Knypers and Hopman, 1990). The magnetic field in these 
systems is directed along the cylinder axis. The physics of the RF magnetron 
is based on the following effect. Electrons, oscillating together with the sheath 
boundary, additionally rotate around the horizontal magnetic field lines with 
the cyclotron frequency (Equation 4.3.16). When the magnetic field and the 
cyclotron frequency are sufficiently high, the amplitude of the electron oscil- 
lations along the RF electric field decreases significantly. The magnetic field 
“traps electrons.” In this case, the cyclotron frequency actually plays the same 
role as the frequency of electron—neutral collisions: electrons become unable to 
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FIGURE 10.39 
Schematic of an RF-magnetron. 


reach the amplitude of their free oscillations in the RF electric field. The ampli- 
tude of electron oscillations determines the thickness of sheaths. Decrease of 
the amplitude of electron oscillations in the magnetic field results in smaller 
sheaths and lower sheath voltage near the powered electrode. This leads to 
lower values of the auto-displacement, lower ion energies, and lower voltages 
necessary to sustain the RF discharge. 


10.6.6 Dynamics of Electrons in RF Magnetron Discharge 


To analyze the RF magnetron, consider an electron motion in crossed electric 
and magnetic fields taking into account electron—-neutral collisions. Assume 
that the electric field is directed along the x-axis perpendicular to the electrode 
surface E = Ey, and the magnetic field is directed along the z-axis parallel to 
the electrode B = Bz. The electron motion equation including the Lorentz force 
and electron neutral collisions can be expressed as 


m— = —E,e —e E x J — MVen?. (10.6.8) 


In this equation, v is the electron velocity, Eq is the amplitude of oscillating 
electric field, ven is the frequency of electron-neutral collisions. Projections 
of the motion equation and to the x- and y-axes give the following system of 
equations 


mos = —eE,e eVyB — MVenUx, (10.6.9) 
d 
M—Vy = €0yB — Mvendy. (10.6.10) 


dt 
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To solve this system with respect to velocities, it is convenient to transform 
variables to vy + ivy, multiplying Equation 10.6.10 by “i,” and then adding 
and subtracting Equation 10.6.9. The forced electron oscillations in the crossed 


electric and magnetic fields can be described by the complex relations 


eEae 


~ men + i(@ F wB))’ 


(10.6.11) 


Ox E ivy 


where we is the cyclotron frequency defined by Equation 4.3.16. System (Equa- 
tion 10.6.11) gives the expressions for the velocity of electron oscillations in 
the direction perpendicular to electrodes vy = dé/dt 


E iœt 1 1 
PA | l + - | : (10.6.12) 
2m Ven +1(@ — OB) Ven +1(@ + œB) 


The coordinate £ (t) of the electron oscillations is determined as the integral 
of the normal velocity vx 


(10.6.13) 


= ieEae ®t | 1 1 | 


i + z 
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At very low pressures, the frequency of electron—neutral collisions is also 
low Ven < w, and the electron oscillations can be considered as collisionless. 
The amplitude of electron velocity in the collisionless conditions and in the 
absence of magnetic field is 


eEa 


; 10.6.14 
ie (10.6.14) 


Ua = 


The electron displacement amplitude (Equation 10.6.13) in the collisionless, 
nonmagnetized conditions is 


$=, (10.6.15) 


The main objective of applying a magnetic field is decreasing the amplitudes 
of the electron velocity and displacement equations (Equations 10.6.14 and 
10.6.15), which then results in smaller sheaths and lower sheath voltage near 
the powered electrode. This leads to lower values of the auto-displacement, 
lower ion energies, and lower voltages necessary to sustain the RF discharge, 
which is desirable for RF magnetrons applications. If the magnetic field is 
sufficiently high (wg >> w), then the amplitude of electron velocity in the 
collisionless conditions can be given as 


E 
uag = 2r. (10.6.16) 
MOR 
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This is less than the amplitude in the absence of a magnetic field by the factor 
(wg/w)* > 1. The amplitude of the electron oscillation (Equation 10.6.13) in 
the magnetized collisionless conditions is 


E 
ap = —,, (10.6.17) 
MOR 


which is also less than the displacement under nonmagnetized conditions 
by the factor (wg/ w)? >> 1. The motion of ions in the RF magnetrons is not 
magnetized: the ion-cyclotron frequency is less than the oscillation frequency 
(pi X œ); and the trajectories of the heavy ions are not perturbed by magnetic 
field. 


10.6.7 Properties of RF Magnetron Discharges 


Experimental investigations and numerical simulations prove that the RF 
magnetron discharge retains all the typical properties of the low-pressure 
RF CCP discharges, obviously taking into account the peculiarities related to 
the constant magnetic field (Gurin and Chernova, 1985; Lukyanova et al., 
1990; Porteous and Graves, 1991). The constant horizontal magnetic field 
perpendicular to the electric field decreases the electron flux and prevents 
electron losses on the powered electrode. The residence time of the electrons 
grows, promoting the ionization properties of the electrons. Space charge 
sheaths are also created in RF magnetrons near electrodes because electrons 
leave the discharge gap. However, in the strong magnetic field, the effec- 
tive electron mobility across the magnetic field may become lower than the 
ion mobility. The amplitude of the ion oscillations exceeds those of electrons 
under such conditions. Electron current to the electrode does not appreciably 
vary during the oscillation period. This is mostly due to diffusion, which is 
effective in spite of the magnetic field because the electron temperature sig- 
nificantly exceeds the ion temperature. Stochastic heating of the magnetized 
electrons is also possible for some conditions of the oscillating sheath bound- 
aries (Lieberman et al., 1991). The asymmetric magnetron discharge keeps 
all the properties typical for the nonmagnetized asymmetric low-pressure RF 
discharges. The auto-displacement effect can be observed in the asymmetric 
RF magnetrons in the presence of a blocking capacitance in the circuit. The 
battery effect, when the external circuit is able to “generate” direct current 
can also be observed in the magnetron discharges. Sheath thicknesses in RF- 
magnetrons are much smaller than in nonmagnetized discharges. For this 
reason, the auto-displacement in the asymmetric magnetrons is also smaller. 
The energy spectrum of ions bombarding the electrode in magnetrons is sim- 
ilar to those in nonmagnetized discharges. However, the ion energies depend 
on the value of the applied magnetic field, because the magnetic field deter- 
mines the sheath voltage. More details regarding ion spectra in RF magnetron 
discharges can be found in Knypers et al. (1988) and Lukyanova et al. (1991). 
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10.6.8 Low-Frequency RF CCP Discharge, General Features 


The lower limit of the RF frequency range is generally related to the charac- 
teristic frequency of ionization and ion transfer. Ion density in RF discharge 
plasmas and ion sheaths usually, butnot always, can be considered as constant 
during a period of electromagnetic field oscillation. Thus, typical RF frequen- 
cies exceed 1 MHz to avoid effects of “long distance” ion motion. Here, at 
the end of Section 10.6, we are going to consider, however, the example and 
peculiarities of the low-frequency RF CCP discharges (less than 100 kHz). The 
low frequency capacitively coupled nitrogen plasma, for example, is partic- 
ularly effective in polymer surface treatment with the objective to promote 
adhesion of silver to polyethylene terephtalate (Spahn and Gerenser, 1994; 
Gerenser et al., 2000). Also the low frequency capacitively coupled nitrogen 
plasma was effectively applied for the surface treatment of polyester web to 
promote adhesion of gelatin containing layers related to production of pho- 
tographic film (Grace et al., 1995). The low-frequency discharges (<100 kHz) 
are effectively used as well for sputter deposition of metals, where the appli- 
cation of lower RF frequencies result in a higher fraction of input power 
dissipated in the sputter target (Ridge and Howson, 1982; Schiller et al., 1982; 
Affinito and Parson, 1984; Este and Westwood, 1984, 1988; Butterbaugh et 
al., 1990). The block diagram of the low-frequency RF discharge system is 
shown in Figure 10.40 (Conti et al., 2001). As seen from this figure, the dis- 
charge is organized in the coplanar configuration, where the low frequency 
RF voltage is applied across two electrodes located in the same plane. Each 
electrode alternately serves as cathode and anode every half cycle. In this 
case, anode conductivity is maintained, charging of insulating areas formed 
on the cathode is minimized, and arcing is avoided. The discharge chamber 
in the experiments of Conti et al. (2001), which is illustrated in Figure 10.40, 
consists of two coplanar water-cooled aluminum electrodes (35.6 cm long, 


FIGURE 10.40 

Block diagram of plasma source, supply electronics, and voltage and current measurement elec- 
tronics. Power supply and transformer are respectively denoted V, V1, and V2. The position of 
the ion flux probe is indicated by IFP. 
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7.6 cm wide) positioned side by side, separated by a gap of 0.32 cm and 
housed in the grounded shield. The interior of the grounded enclosure has a 
volume of roughly 36cm x 16cm x 3.3cm above the electrode pair. Typical 
pressure in the experiments was quite low: 50-150 mTorr, gas flow rate 180- 
800 sccm. Applied peak voltage is 900-1600 V, power about 300 W, frequency 
40 kHz. Typical current and voltage waveforms are shown in Figure 10.41. 


10.6.9 Physical Characteristics and Parameters of Low-Frequency RF 
CCP Discharges 


In the low-frequency discharge, the ion frequency is comparable to the driv- 
ing frequency and all plasma characteristics are time-dependent. The sheath 
voltages are high, and the discharge is essentially sustained not by bulk pro- 
cesses, but by secondary electron emission from the “cathode,” provided by 
ion impact. The discharge system is somewhat similar to DC glow discharge, 
with alternating cathode positions from one electrode to another each half 
period of the electric field oscillations. The coplanar system can be actually 
considered as two discharges operating in counter phase modes. Spatially 
averaged values of the electron and ion concentrations in the low-frequency 
RF CCP discharge are presented in Figure 10.42 as a function of time and 
compared with the time-evolution of voltage. As seen from this figure, the 
discharge is actually active only for half of the cycle, when the potential on 
the specified electrode is negative. During this portion of the cycle, the elec- 
tron concentration increases because of ionization, while in the other half 
cycle it slowly decreases. The plasma does not completely decay after every 
cycle, so a new breakdown is not necessary. During the period when the 
voltage is applied, the ion concentration is higher than the electron concen- 
tration, because quasi-neutrality in the sheath region is not achieved. The 
corresponding average electron energy variation with time is presented in 
Figure 10.43, also in comparison with the time-evolution of voltage. As seen 
from Figures 10.42 and 10.43, both the average electron concentration and 
energy increase and decrease simultaneously with voltage variation. This 
can be attributed to intense electron avalanching in the sheath regions, where 
the electric field is sufficiently high to provide the intense ionization. The 
presented results were obtained by using the 2D particle-in cell (PIC) code 
with a Monte Carlo scheme for modeling collisions of charged particles and 
neutrals (Conti et al., 2001). As was already discussed in Section 10.6.5, the 
PIC-simulation permits following a large number of representative particles 
acted upon by the basic forces. The PIC code applied for describing the low 
frequency RF coplanar discharge is a modified version of the PDP2-code 
(Vahedi et al., 1993). The simulation of the external circuit allows evaluat- 
ing the total current (displacement current plus conduction current), while 
the conduction current is directly obtained from the movement of charged 
particles. The relative contribution of the two current components is illus- 
trated in Figure 10.44, where the total current as well as the electron and 
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FIGURE 10.41 

(a) Typical voltage waveforms for V1 and V2. (b) Typical current waveform for I. i-stray denotes 
the current corrected for stray capacitance to ground. Plasma conditions: 150 mTorr nitrogen, 
330 W. 
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Steady-state electron and ion concentrations as function of time for 900 V and 0.15 Torr. 


ion conduction currents are plotted as a function of time. Almost 50% of the 
calculated peak current in the circuit is due to the ion conduction current, 
which is typical for the low-frequency RF discharges. Note that a positive 
current peak can be observed when the voltage increases from the negative 
peak value back to zero. This peak is related to a reactive current provided by 
parasitic capacitance. Spatial distribution of charged particles, electrons, and 
ions between the powered electrode (x = 0) and the opposite grounded wall 
is shown in Figure 10.45 at different moments during an oscillation period. 
Because the maximum voltage of the powered electrode is near the ground 
potential, the plasma potential is not driven sufficiently high to have the 
grounded wall opposite to electrode serve as a cathode. Furthermore, the 
high value of the driving voltage produces considerable sheath expansion by 
forcing the electrons away from the cathode. Consequently, the spatial dis- 
tribution of the charged particles is essentially asymmetric with respect to 
the center of the axis between the powered electrode and opposite grounded 
wall (see Figure 10.45). The concentration of electrons and ions in plasma 
are shown in Figure 10.46 as a function of applied voltage. The potential 
profile between the powered electrode (x = 0) and the opposite grounded 
wall at the moment of the peak voltage is shown in Figure 10.47. The result- 
ing sheath decreases with increasing potential because the plasma density is 
higher (and hence the screening effect of plasma is stronger) at higher values 
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FIGURE 10.43 
Average electron energy at steady states as a function of time for 900 V and 0.15 Torr. 


of voltage. This is consistent with general theory of the y-discharges (Godyak 
and Khanneh, 1986). The shape of the sheath voltage is close to parabolic 
curve because ion concentration in the sheath is approximately constant 
(see Figure 10.45). 


10.6.10 Electron Energy Distribution Functions in Low-Frequency 
RF CCP Discharges 


The EEDF for electrons in the plasma zone, calculated by the PIC-code for the 
above-described conditions of the low frequency RF discharge (and divided 
by square root of energy), is shown in Figure 10.48. As seen, the EEDF 
shows a Maxwellian behavior at relatively low energies, but it has a long 
and nonthermalized tail at high energies. The “cut-energy” is well correlated 
with the specific values of peak voltages. The origin of the energetic electrons 
in the low-frequency RF discharge is related to the sheath region near the 
powered electrode. In general, three groups of electrons can be clearly seen 
in the EEDF of this discharge. The major one is in the plasma bulk and it is 
characterized by a low energy of about 1 eV. The second group is formed by 
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Total current and conduction current as a function of time for 1300 V and 0.15 Torr. The electron 
and ion current are shown separately for 1300 V and 0.15 Torr. 


the scattered y-electrons and the electrons formed in the cathode sheath by 
ionization collisions of the y-electrons and neutrals. Energies of these elec- 
trons are in range of 20-50 eV. Finally, the third group of electrons is formed 
by those y-electrons that managed to cross the sheath and the plasma bulk 
and reach the grounded wall retaining the high energy gained in the sheath 
region. The energy distribution of these highly energetic electrons is quite flat 
and a single specific temperature value cannot be assigned to this third group. 
The three groups of electrons can be interpreted as follows. The third group 
of the most energetic electrons can be considered as a high-energy electron 
beam. The second group can be considered as secondary electrons produced 
by the beam (such secondary electrons usually have energies about 2-3 ion- 
ization potentials). Finally, the first group consists of numerous “tertiary” 
low-energy plasma electrons. Thus such a discharge is an effective source of 
electrons with energies of about 30 eV. This is especially useful, for N* atomic 
ions generation in molecular nitrogen plasma, which is of interest in the appli- 
cation of low-frequency RF discharges in nitrogen for low-pressure treatment 
of polymer surfaces. The existence of these three groups of electrons was 
experimentally proven by ion flux probe measurements in a low-frequency RF 
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(a) Electron and (b) ion concentrations at different moments of the period for 900 V and 0.15 Torr. 
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FIGURE 10.46 
Comparison of ion and electron concentrations for different voltages and pressure of 0.15 Torr. 


discharge specifically applied for polymer surface treatment to promote adhe- 
sion of silver to polyethylene terephtalate (Conti et al., 2001). These diagnostic 
measurements were based on the deposition tolerant flux probe technique 
developed by Braithwaite et al. (1996). 


M 
10.7 Nonthermal ICP Discharges 
10.7.1 General Features of Nonthermal ICP Discharges 


The electromagnetic field in ICP discharges is induced by an inductive coil 
(Figure 10.21c and d), where the magnetic field is primarily stimulated and 
the corresponding nonconservative electric fields necessary for ionization is 
relatively low. Thus nonthermal ICP plasma discharges are usually config- 
ured at low pressures to provide the reduced electric field, E/p, sufficient for 
ionization. The coupling between the inductive coil and the plasma can be 
interpreted as a transformer, where the coil presents the primary windings 
and plasma represents the secondary ones. The coil as the primary windings 
consists of a lot of turns, while plasma has only one. As a result, the ICP 
discharge can be considered as a voltage-decreasing and current-increasing 
transformer. The effective coupling with the RF power supply requires a low 
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Voltage profiles at the peak voltage (0.75 t/T) for different applied voltages at 0.15 Torr. 


plasma resistance. Thus, the ICP discharges are convenient to reach high 
currents, high electric conductivity and high electron density at relatively 
low values of electric field and voltage. For example, the low pressure ICP 
discharges effectively operate at electron densities 10!!—10!2cm~3 (not more 
than 10'cm~3), which exceeds by an order of magnitude typical values of 
electron concentration in the capacitively coupled RF discharges. Because 
of the relatively high values of the electron concentration in ICP discharge 
systems, they are sometimes referred to as the high-density plasma (HDP). 
Large-scale application of low-pressure ICP discharges in electronics was 
stimulated by important disadvantages of the RF capacitive discharges. The 
sheath voltages in the RF CCP discharges are relatively high, which at a given 
power level results in low ion densities and ion fluxes, as well as in high 
ion-bombarding energies; also the ion-bombarding energies cannot be varied 
in the low-pressure capacitively coupled RF discharges independently of the 
ion flux. Another important advantage of the ICP discharges for high preci- 
sion surface treatment (in addition to high plasma density and low pressure) 
is that the RF power is coupled to the plasma across a dielectric window or 
wall, rather than by direct connection to an electrode in the plasma, as occurs 
in the CCP discharges. Such “noncapacitive” power transfer to the plasma 
provides an opportunity to operate at low voltages across all sheaths at the 


Plasma Created in High-Frequency Electromagnetic Fields 695 


10°? 


x 
T 

o 
by 
ja) 
5 
5 

0 200 400 600 800 1000 = 1200 1400 1600 
Energy (eV) 
FIGURE 10.48 


Electron energy distribution functions of gamma electrons that hit the web plane. Bulk electrons 
are not included (1600 V, 1300 V, 900 V, 0.15 Torr). 


electrode and wall surfaces. The DC plasma potential and energies of ions 
accelerated in the sheaths is typically 20-40 V, which is very good for the 
numerous surface treatment applications. In this case, the ion energies can 
be independently controlled by an additional capacitively coupled RF source 
called the RF bias, driving the electrode on which the substrate for material 
treatment is placed (see Figure 10.21c and d). ICP discharges are able to pro- 
vide independent control of the ion and radical fluxes by means of the main 
ICP source power, and the ion-bombarding energies by means of power of the 
bias electrode. Earlier works on ICP discharge in the cylindrical coil geom- 
etry with pressures exceeding 20 mTorr are reviewed by Eckert (1986) and 
Lieberman and Gottscho (1994). 


10.7.2 Inductively Coupled RF Discharge in Cylindrical Coil 


Consider the inductive RF discharge in a long cylindrical tube placed inside 
of the cylindrical coil. The physical properties of such a discharge are similar 
to those of the planar one, but they are easier for analysis because of the 
circular symmetry of this discharge system. The electric field E(r) induced in 
the discharge tube, which is located inside of the long coil can be calculated 
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from the Maxwell equation 


1 dọ 

Er) = TTE (10.7.1) 
In this equation, ® is the magnetic flux crossing the loop of radius r perpen- 
dicular to the axis of the discharge tube, r is the distance from the discharge 
tube axis. The magnetic field is created in this system by the electric current 
in the coil I = [.e’* as well as by the electric current in the plasma (which 
mostly flows in the external plasma layers). Assuming a plasma conduc- 
tivity o(r) = constant, and considering the current in plasma as a harmonic 
one j(r) = jo (rje, the following equation for the current density distribution 

along the plasma radius is obtained 


ajo 189 1, 
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If the pressure is low and plasma is collisionless, then its conductivity is 
inductive 


w2 


o = —ieg—, (10.7.3) 
(6) 


where wp is the plasma frequency. Substituting this plasma conductivity in 
Equation 10.7.2 yields the current density distribution in the ICP plasma (finite 
at r = 0) in the form of the modified Bessel function 


jo(r) = joh ($), (10.7.4) 


where I(x) is the modified Bessel function; 8 is the skin-layer thickness 
Equation 6.1.25. Note that if collisions are important, the Bessel function must 
have a complex argument. The phase of the current in the plasma also depends 
on the radius. The current density on the plasma boundary in the vicinity of 
the discharge tube is determined by the unperturbed electric field by the 
plasma conductivity on the boundary of the column 


waN 

j= “Foc ce (10.7.5) 

In this relation, a is the radius of the discharge tube, N is the number of turns 
in coil, / is the length of the coil, c is the speed of light, I. is the amplitude of 
current in coil. If the skin-layer thickness exceeds the radius of the discharge 
tube, currents in the plasma do not perturb the electric field. Here, the electric 
field grows linearly with the radius from the axis to the walls of the discharge 
tube. Such a regime is possible only if the plasma conductivity only slightly 
depends on the electric field. This requires quite an exotic discharge situa- 
tion: for example, the application of inert gas with easy-to-ionize additives 
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that are completely ionized. Under more realistic conditions, plasma conduc- 
tivity grows with the electric field and the skin-layer thickness is smaller than 
discharge radius. Then most of the electric current are located in the rela- 
tively thin 8-layer on the discharge periphery. In this case, the Bessel function 
for the current density distribution can be simplified to a simple exponential 
function 


Jor) © jo exp(=*), (10.7.6) 


10.7.3 Equivalent Scheme of Inductively Coupled RF Discharge 


In general, an ionization balance of charged particles determines electric fields 
in nonthermal discharges. For this reason, some special coupling or feedback 
effect is always assumed to establish the electric field on the level necessary to 
provide the relevant ionization balance in the steady-state discharges. Such 
coupling in the CCP discharges is due to shielding (or screening) of the elec- 
tric field in the sheaths. For inductively coupled discharges, the coupling 
is provided by the external electric circuit. The system inductor-plasma can 
be interpreted as a transformer, decreasing the voltage and increasing the 
electric current. Thus the discharge stabilization takes place at high currents 
and, hence, high values of plasma conductivity. In this case, the Bessel func- 
tion (Equation 10.7.4) can be simplified to an exponential function (Equation 
10.7.6) and the total current can be considered as concentrated in the skin 
layer. Taking into account Equation 10.7.5, the total discharge current then 
can be related to the current in the coil I, as 


aw N 
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To, (10.7.7) 
where Ey is the electric field in the thin skin layer on the plasma boundary. 
Based on this relation for the total discharge current, the complex inductively 
coupled plasma impedance can be expressed as 


U 2na 2nam 2nam i 
— = V w. 
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(10.7.8) 


In this relation, ne is the electron concentration, Ven is the frequency of 
electron-neutral collisions. From this equation, the plasma impedance is seen 
to have both active (first term) and inductive (second term) components. Ana- 
lyzing the equivalent circuit, one has to take into account the “geometrical” 
inductance, which can be attributed to the plasma considered as a conducting 
cylinder 

[Lo ma? 


La = 2 (10.7.9) 


698 Plasma Physics and Engineering 


o«<— &—0 
~ 
le] 
a 


FIGURE 10.49 
Equivalent scheme of an ICP discharge. 


If the skin layer is small with respect to the discharge radius, the equivalent 
scheme of the ICP discharge can be represented as a transformer with a load 
in form of impedance equation 10.7.8, see Figure 10.49. The transformer can 
be characterized by plasma inductance (Equation 10.7.9) and inductance of 
the coil 


__ pon R? 


Le = N?, (10.7.10) 


where R is radius of the coil, lis the coil length, and N is the number of its wind- 
ings. Also the transformer presented in Figure 10.49 should be characterized 
by the mutual inductance, which can be expressed as 


uona? 


M 
l 


N. (10.7.11) 


Equations for the equivalent scheme of the RF ICP discharge (Figure 10.49) 
include two: one describes the amplitude of the voltage applied to the inductor 
(the coil) 


U: = iw Lele + iw Mla, (10.7.12) 
and the other describes the amplitude of the voltage on the plasma loop 
Up = -laZp = iw MI, + iwLala. (10.7.13) 


In these equations, Ie is the amplitude of the electric current in coil, and Ig 
is the amplitude of electric current in plasma. The systems (Equations 10.7.12 
and 10.7.13) describing the equivalent scheme of the ICP discharge are 
especially helpful in determining plasma parameters for this type of RF 
discharges. 


10.7.4 Analytical Relations for ICP Discharge Parameters 


The current in the coil I, is determined by external circuit and can be con- 
sidered as a given parameter. The electric field in the plasma is related to 
the voltage on the plasma loop as: Ep = Up/27a, and its value only logarith- 
mically (weakly) depends on other plasma parameters. The electric field in 
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plasma at high currents is small relative to the idle regime: E = wMI,/21a, 
where M is the mutual inductance (Equation 10.7.11). The voltage drop Up 
related to the plasma can be neglected for high currents. The discharge current 
can be expressed as 


ie ae (10.7.14) 
La 


The current flows in a direction opposite to the inductor current, and the 
plasma current exceeds that in the inductor. If the electric field is known, 
the electron concentration in the plasma can be found based on the current 
density from Equation 10.7.14 


fae MVen _ NI. ven 
S SIAE ~ 18 e?Ep 


(10.7.15) 


Using Equation 6.1.25 and Ohm’s law in differential form for the cur- 
rent conducting plasma layer on the discharge periphery, one can derive the 
formula for the thickness of skin layer in the ICP discharge 


ys: 1 
$ 
opoNi Ie 


(10.7.16) 


From this relation, the thickness of the skin layer, where most of the ICP 
current is concentrated, is inversely proportional to the electric current in the 
inductor coil. Using this skin-layer relation, for the electron concentration in 
the plasma (Equation 10.7.15) can be rewritten as 


Nk A @W0MVen 2 
= — ak. 10.7.17 
s (aE) 2 e ( ) 


Plasma density in the ICP discharges is proportional to square of electric 
current in inductor coil. 


10.7.5 Moderate-Pressure and Low-Pressure Regimes of ICP Discharges 


Similar to the case of CCP discharges, regimes of the inductively coupled 
discharges are different at moderate and low pressures. In particular, the 
electric field is determined differently in these two regimes. 


10.7.5.1 Moderate-Pressure Regime 


The energy relaxation length in this regime is less than the thickness of the 
skin layer. Heating of electrons is determined by local electric field, and takes 


700 Plasma Physics and Engineering 


FIGURE 10.50 
Radial distributions of plasma density and electric field in a moderate pressure ICP discharge. 


place in the skin layer. Therefore, ionization processes as well as plasma lumi- 
nosity also are concentrated at moderate pressures in the skin layer, which is 
illustrated in Figure 10.50. The internal volume of the discharge tube, located 
closer to the tube axis relative to the skin layer, is filled with the plasma only 
due to the radial inward plasma diffusion from the discharge periphery. If 
losses of charged particles in the internal volume resulting from recombina- 
tion and diffusion along the axis of discharge tube are significant, plasma 
concentration can be lower in the central part of the discharge than in the 
periphery. Balancing the ionization rate in the skin layer of the moderate 
pressure discharge and the diffusion flux from the layer to the discharge tube 
surface, the following logarithmic relation for electric field in the skin-layer 
is obtained 
Apel E3 

[L0@271VenDaN?12° 


Ep = Bpv2 In“! (10.7.18) 


In this relation, Da is the coefficient of ambipolar diffusion; A and B are 
factors that determine the Townsend «a-coefficient (Equation 4.4.5). 


10.7.5.2 Low-Pressure Regime 


The energy relaxation length in this regime exceeds the thickness of the skin 
layer. Although heating of electrons takes place in the skin layer, ionization 
processes are effective in the plasma volume, where the electrons have a max- 
imum value of kinetic energy. Distributions of plasma density, amplitude of 
the oscillating electric field, and ambipolar potential along the radius of the 
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FIGURE 10.51 
(a) Radial distributions of plasma density, (b) electric field, and (c) potential. 


low-pressure discharge tube are illustrated in Figure 10.51. In the low-pressure 
regime, electron concentration on the discharge axis can significantly exceed 
that in the skin layer. Electrons spend only part of their lifetime in the skin 
layer. For this reason, similar to the case of CCP discharges, an average or 
effective value of electric field can be used. If the electron energy relaxation 
length exceeds the radius of the discharge tube, the effective average value of 
electric field can be estimated as 


28 v2 
2 2 en 
Ecg = rag EA (10.7.19) 

In this relation, è is the thickness of skin layer, a is the radius of discharge 
tube, and Ep is the electric field in the plasma (in the skin layer, see Fig- 
ure 10.51). The value of this electric field also can be determined from the 
balance of charged particles in the low-pressure ICP discharge (Smirnov, 2000) 
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10.7.6 Abnormal Skin Effect and Stochastic Heating of Electrons 


Electrons in the low-pressure discharges move through the skin layer faster 
than changes in the oscillation period 


Ve 
— > W, Ven: 


8 


Here, ve is the average thermal velocity of electrons and è is the thickness 
of skin layer determined by Equation 6.1.25. Each electron receives momen- 
tum and kinetic energy while moving across the skin layer, and transports 
it to the plasma zone outside of the skin layer. This results in forming the 
electric current outside of the skin layer. At the same time, chaotic electrons 
from the central part of the discharge come to the skin layer without any 
organized drift velocity, which leads to a decrease of current density and 
effective plasma conductivity. Thus the effective skin-layer thickness in the 
low-pressure discharges under consideration exceeds the value determined 
by Equation 6.1.25. This phenomenon is known as the abnormal skin effect. 
Again, plasma electrons moving across the skin layer receive not only momen- 
tum but also kinetic energy even without any collisions with neutrals. This 
results in the effect of stochastic heating of electrons, somewhat similar to that 
considered in the low-pressure CCP discharge. To analyze the thickness 8, of 
the abnormal skin layer, estimate at first the drift velocity u, which the plasma 
electrons receive during the time interval 8./ve of their flight across the skin 
layer 


eE õe 
u = —— 


: 10.7.21 
ee (10.7.21) 


Based on this relation, the effective value of conductivity is determined as 
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(10.7.22) 


Using this expression for the electric conductivity in the general relation 
(Equation 6.1.25) for skin layer, one can obtain the following equation for the 
abnormal skin-layer thickness 8, 


ea akc (10.7.23) 
Op w 


œp is plasma frequency (Equation 6.1.17), c is the speed of light, and veg, is 
effective frequency 


Veff = =, (10.7.24) 
c 
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which replaces in this collisionless case the frequency of electron—neutral 
collisions. Equation 10.7.23 leads to the equation for thickness of the abnormal 
skin layer in collisionless sheath of the ICP discharge 


2c2 
te ees (10.7.25) 


2 
© ap 


Stochastic heating of electrons in the low-pressure collisionless regime can 
be described by using the general collisional formulas and replacing the 
electron—neutral collision frequency by the effective frequency, and hence, 
the collisional electric conductivity also by the effective electric conductivity 
(Equation 10.7.22). Thus in the low-pressure collisionless regime, the electron— 
neutral collisions are effectively replaced by “collisions” with the skin layer 
boundaries. 


10.7.7 Planar Coil Configuration of ICP Discharges 


ICP discharges in the planar configuration are widely used in electronics and 
a general scheme is illustrated in Figure 10.52. This RF discharge scheme is 
quite similar geometrically to the conventional RF CCP parallel plate reactor. 
However, here the RF power is applied to a flat spiral inductive coil, which 
is separated from the plasma by quartz or another dielectric insulating plate. 
The RF currents in the spiral coil induce image currents in the upper sur- 
face of the plasma (see Figure 10.52) corresponding to the skin layer. Thus, 
this discharge is inductively coupled, and from the physical point of view is 
similar to the simple cylindrical geometry of the inductive coils considered 
above. The analytical relations derived for the low-pressure ICP discharge 
inside of an inductive coil can also be applied qualitatively for the planar 
coil configuration of the inductive RF discharges at low pressures. From Fig- 
ure 10.52, it is seen that the planar ICP discharge also includes two practically 
important elements: multipolar permanent magnets and a DC wafer bias. 
The multipolar permanent magnets are located around the outer circumfer- 
ence of the plasma to improve plasma uniformity, plasma confinement, and 
to increase plasma density. The DC wafer bias power supply is used to con- 
trol the energy of ions impinging on the wafer, which typically ranges 30 to 
400 eV in the planar discharge system under consideration. The structure of 
magnetic field lines in the planar coil configuration of the ICP discharges is 
obviously more complicated than in the case of the cylindrical inductive coil. 
The RF magnetic field lines in the planar coil configuration in the absence of 
plasma are illustrated in Figure 10.53a (Wendt and Lieberman, 1993). These 
magnetic field lines encircle the coil and are symmetric with respect to the 
plane of the coil. Deformation of the magnetic field in the presence of plasma, 
formed below the coil is shown in Figure 10.53b. In this case, an azimuthal 
electric field and an associated current (in the direction opposite to that in 
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the coil) are induced in the plasma skin layer. Both the multiturn coil current 
and the “single-turn” induced plasma current generate the total magnetic 
field. The dominant magnetic field component within the plasma is verti- 
cal near the axis of the planar coil, and horizontal away from the axis. More 
details regarding space distribution of magnetic field, electric currents and 
concentration of charged particles in the low-pressure planar ICP discharge 
are available in Hopwood et al. (1993). The planar RF ICP discharge, illus- 
trated in Figure 10.52 (Roth, 2000), is able to produce uniform plasma and 
uniform plasma processing of wafers with diameters at least 20 cm. Power 
level of this reactor is about 2 kW, which is about an order of magnitude 
larger than the power of a CCP discharge under similar conditions. This 
results in a higher flux of ions and other active species, which accelerate the 
surface treatment process. For example, ion flux in the system under discus- 
sion was 60mA/cm* at a power input 1600 W, which corresponds to a high 
level of etch rate (1-2 m/min for polyimide film). The reactor is operated at 


Quartz disc 
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power supply 
FIGURE 10.52 


Schematic of an ICP parallel plate reactor. 
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FIGURE 10.53 

Schematic of the RF magnetic field near a planer inductive coil. (a) Without nearby plasma and 
(b) with nearby plasma. (Adapted from Lieberman M.A. and A.J. Lichtenberg, 1994. Principles of 
Plasma Discharges and Material Processing, Wiley, New York.) 


frequencies ranging from 1 MHz to 40 MHz, but the usual operating frequency 
is 13.56 MHz. Operation pressure of this planar ICP discharge is in the range 
from 1 mTorr to 20 mTorr, which is far lower than typical pressure values of 
the corresponding CCP discharges (which is about several hundreds mTorr). 
Obviously such low-pressure values are desirable for CVD and etching tech- 
nologies, because they imply longer mean free paths and little scattering of 
ions and active species before they reach the wafer thus improving the surface 
treatment processes. 


10.7.8 Helical Resonator Discharges 


The helical resonator discharge is a special case of the low-pressure RF ICP 
discharges. The helical resonator consists of an inductive coil (helix) located 
inside of the cylindrical conductive screen, and can be considered as a coax- 
ial line with an internal helical electrode. A general schematic of the helical 
resonator plasma source is shown in Figure 10.54. Electromagnetic wave prop- 
agates in such a coaxial line with a phase velocity much lower than the speed 
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FIGURE 10.54 
Schematic of a helical resonator. 


of light: Up, = w/k « c, where kis the wavelength, and c is the speed of light. 
This property allows the helical resonator to operate in the megahertz fre- 
quency range, which permits generating low-pressure plasma. The coaxial 
line of the helical discharge becomes resonant, when an integral number of 
quarter waves of the RF field fit between the two ends of the system. The 
criterion of the simplest resonance can be then expressed as 


2nrN = 7 (10.7.26) 
where r is the helix radius, N is the number of turns in the coil, and » is the 
electromagnetic wavelength in vacuum. Helical resonator discharges effec- 
tively operate at radio frequencies 3-30 MHz with simple hardware, and do 
not require a DC magnetic field. The resonators exhibit high Q-values (typi- 
cally 600-1500 without plasma). In the absence of plasma, the electric fields 
are quite large facilitating the initial breakdown of the system. Also helical 
resonator discharges have high characteristic impedance and can be oper- 
ated without a matching network. Because of the resonance, large voltages 
necessarily appear between the open end of the helix and the plasma. Hence 
the electric field is not exactly azimuthal in the helical resonator, and the 
discharge cannot be considered purely inductively coupled. However, the 
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discharge sizes in this system are close to the electromagnetic wavelength, 
which means that the helical resonator discharge in some sense is similar to 
microwave discharges (see Cook et al., 1990; Niazi, Lichtenberg, Lieberman, 
Flamm, 1994). 


10.8 Nonthermal Low-Pressure Microwave and Other 
Wave-Heated Discharges 


10.8.1 Nonthermal Wave-Heated Discharges 


Consider the low-pressure, wave-heated plasmas and focus on three dis- 
charge systems: the electron cyclotron resonance (ECR), the helicon, and the 
surface wave discharges. In ECR-discharges, a right circularly polarized wave 
(usually at microwave frequencies, e.g., 2.45 GHz) propagates along the DC- 
magnetic field (usually quite strong, 850 G at resonance) under the conditions 
of the ECR, which provides the wave absorption through a collisionless heat- 
ing mechanism. In the helicon discharges, an antenna radiates the whistler 
wave, which is subsequently absorbed in plasma by collisional or collisionless 
mechanisms. The helicon wave-heated discharges are usually excited at RF 
frequencies (typically, 13.56 MHz), and a weak magnetic field of about 20-200 
G is required for the wave propagation and absorption. In the case of surface 
wave discharges, a wave propagates along the surface of the plasma, and is 
absorbed by collisional heating of the plasma electrons near the surface. The 
heated electrons then diffuse from the surface into the bulk plasma. Surface 
wave discharges can be excited by either RF or microwave sources and they 
do not require DC magnetic field. The plasma potential with respect to all 
wall surfaces for wave-heated discharges is relatively low (about 5 electron 
temperatures, 5Te) similar to the case of ICP discharges. This results in the 
effective generation of HDPs at reasonably absorbed power levels. 


10.8.2 Electron Cyclotron Resonance Microwave Discharges, General 
Features 


A thermal discharge sustained by microwave radiation requires only a suf- 
ficient heat energy flux to provide thermal balance and thermal ionization. 
In contrast, nonthermal discharges require a sufficient level of electric field 
for both heating of electrons and effective nonthermal ionization. The neces- 
sary high level of electric field can be provided by applying relatively high 
microwave power and power density, which is typical for the moderate pres- 
sure regime, or also by applying resonators with a high Q-value. Another 
widely used approach applies a steady magnetic field and effective electrons 
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heating due to the ECR. The ECR resonance between an applied electromag- 
netic wave frequency w and the electron cyclotron frequency wpe = eB/m (see 
Equation 4.3.16) allows electron heating sufficient for ionization at relatively 
lower values of electric fields in the electromagnetic wave. For calculations 
of the electron cyclotron frequency, it is convenient to use the following 
numerical formula fge(MHz) = 2.8B(G). This effective electron heating in the 
ECR-resonance takes place because the gyrating electrons rotate in phase with 
the right-hand polarized wave, seeing a steady electric field over many gyro- 
orbits. The pressure in the ECR-discharge system is low in order to have a 
low electron-neutral collision frequency Ven K ge, and to provide the elec- 
tron gyration sufficiently long to obtain the energy necessary for ionization. 
This phenomenon determines the key effect guiding the physics of ECR- 
microwave discharges. Furthermore, the injection of the microwave radiation 
along the magnetic field (with wge > œ at the entry into discharge region) 
allows the wave to propagate to the absorption zone w ~ wge even in dense 
plasma with wpe > œ. Electromagnetic wave propagation in nonmagnetized 
plasma is obviously impossible at frequencies below the plasma frequency, 
or in other words when the plasma density exceeds the critical value (see 
Equation 6.6.29). High plasma densities lead to the total reflection of electro- 
magnetic waves from the nonmagnetized plasma. However, application of 
magnetic fields permits propagation of electromagnetic waves even at high 
plasma densities exceeding the critical value. This effect can be explained 
analyzing the dispersion (Equation 6.6.39) for electromagnetic wave in mag- 
netized plasma. The right-hand-polarized wave (corresponding to the “—” 
sign) has a real wave number even at high densities œw < Ope, if the magnetic 
field is sufficiently large and wpe = eB/m > œ. 


10.8.3 General Scheme and Main Parameters of ECR-Microwave 
Discharges 


A schematic of the ECR-microwave discharge with microwave power injected 
along the axial nonuniform magnetic field is shown in Figure 10.55 (Lieber- 
man and Lichtenberg, 1994). The magnetic field profile is chosen in this 
discharge system to provide effective propagation of the electromagnetic 
wave from the quartz window to the zone of the ECR-resonance without 
major reflections even at high plasma densities. Special magnetic field pro- 
files can provide multiple ECR-resonance positions as is shown in the figure 
by the dashed line. Low-pressure gas introduced into the discharge chamber 
forms a highly nonequilibrium plasma, which streams and diffuses along the 
magnetic field toward a wafer holder shown in Figure 10.55. Energetic ions 
and free radicals generated within the entire discharge region are then able 
to provide the necessary surface treatment effect. Additionally, a magnetic 
field coil at the wafer holder can be used to modify the uniformity of the etch- 
ing or deposition. Typical ECR-microwave discharge parameters are: pressure 
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FIGURE 10.55 

A typical high-profile ECR system. (a) Geometric configuration. (b) Axial magnetic field variation 
showing one or more resonance zones. (Adapted from Lieberman M.A. and A.J. Lichtenberg, 
1994. Principles of Plasma Discharges and Material Processing, Wiley, New York.) 


0.5-50 mTorr, power 0.1-5 kW, characteristic microwave frequency 2.45 MHz, 
volume 2-50 L, magnetic field about 1 kG, plasma density 1019-1012 cm~3, 
ionization degree 1074-1071, electron temperature 2-7 eV, ion acceleration 
energy 20-500 eV, typical source diameter is 15 cm. 


10.8.4 Electron Heating in ECR-Microwave Discharges 


Consider the ECR-microwave discharge sustained at low pressure by a lin- 
early polarized electromagnetic wave. This wave can be decomposed into 
the sum of two counter-rotating circularly polarized waves, right-hand and 
left-hand-polarized. The basic physical principle of the ECR heating of the 
magnetized electrons is illustrated in Figure 10.56. The electric field vector 
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FIGURE 10.56 
Mechanism of ECR heating. (a) Continuous energy gain for right-hand polarization. (b) 
Oscillating energy for left-hand polarization. 


of the right-hand-polarized wave rotates around the magnetic field at fre- 
quency w, while an electron in the uniform magnetic field also gyrates in the 
same “right-hand” direction at frequency wge. Thus, at the ECR-resonance 
conditions w = wge, the electric field continuously transfers energy to the 
electron providing its effective heating. In contrast, the left-hand-polarized 
electromagnetic wave rotates in the direction opposite to the direction of the 
electron gyration. So at the ECR-resonance conditions œ = wze, for a quarter 
of period the electric field accelerates the gyrating electrons, and for another 
quarter of period slows them down, resulting in no average energy gain. The 
described electron heating occurs only close to the ECR conditions, which are 
necessary for the continuous energy transfer from microwave to an electron. 
Because the magnetic field and electron cyclotron frequency are not constant 
along the z-axis of the discharge (Figure 10.56), the electron heating occurs 
only locally, near the ECR-resonance, where the electron cyclotron frequency 
can be expressed as 


1 B 
WBe(Z) = w (1 +— oie az) = (1 + Eza) j (10.8.1) 
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Then the average electron energy gain per one pass across the ECR- 
resonance zone in the collisionless regime can be calculated as 
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In this relation, Er is the amplitude of right-hand-polarized electromagnetic 
wave (which is a half of the linearly polarized microwave amplitude); 0B /dz 
is the gradient of magnetic field along the discharge axis near the resonance 
point; Vres is the component of electron velocity parallel to magnetic field also 
in the vicinity of resonance point. The width of the resonance zone along the 
discharge z-axis, where most of energy is transferred to the electron is given as 
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EAEN A 10.8.3 
Zres = Wo 1aB/az| Pee) 


The absorbed electromagnetic wave power per unit area (or microwave 
energy flux) is 
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where fe is the electron density in the ECR-resonance zone (Budden, 1966; 
Matsuoka and Ono, 1988; Stevens et al., 1992; Williamson et al., 1992; Wu 
et al., 1994). 


10.8.5 Helicon Discharges: General Features 


Helicon discharge is a HDP discharge that can be used for different mate- 
rial processing applications. HDP generation in the helicon discharge was 
first investigated by Boswell (1970). The detailed theory of this discharge 
and the general propagation and absorption of the helicon mode in plasma 
was developed by Chen (1991). Helicon discharges are sustained by electro- 
magnetic waves propagating in magnetized plasma in the so-called helicon 
modes. The driving frequency in these discharges is typically in the RF range 
of 1-50 MHz (the industrial radio frequency 13.56 MHz is commonly used for 
material processing discharges). It is interesting to note that in contrast to the 
RF discharges considered in Sections 10.3 through 10.7, the helicon discharges 
can be considered as wave-heated even though they operate in the RF range. 
This can be explained taking into account that the phase velocity of electro- 
magnetic waves in magnetized plasma can be much lower than the speed of 
light (see Sections 6.6.7 and 10.8.6). This provides the possibility to operate in 
a wave propagation regime with wavelengths comparable with the discharge 
system size even at radio frequencies, which are much below the microwave 
frequency range. The magnetic field in helicon discharges applied for material 
processing varies from 20 to 200 G (for fundamental plasma studies it reaches 
1000 G), and it is much below the level of magnetic fields applied in ECR- 
microwave discharges. Application of lower magnetic fields is an advantage 
of the helicon discharges. Plasma density in these wave-heated discharges 
applied for material processing is about 1011-101? cm~3, but in some spe- 
cial cases can reach very high values of about 10183-1014 cm7°. Excitation of 
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the helicon wave is provided by an RF antenna that couples to the trans- 
verse mode structure across an insulating chamber wall. The electromagnetic 
wave mode then propagates along the plasma column in the magnetic field, 
and plasma electrons due to collisional or collisionless damping mechanisms 
absorb the mode energy. A schematic of a helicon discharge is illustrated 
in Figure 10.57. The material processing chamber is located downstream 
from the plasma source. The plasma potentials in the helicon discharges are 
typically low, about 15-20 V, similar to ECR-microwave discharges. Impor- 
tant advantages of the helicon discharges with respect to ECR discharges 
are related to relatively low values of magnetic field and applied frequency. 
However, the resonant coupling of the helicon mode to the antenna can lead 
to nonsmooth variation of the plasma density with source parameters. This 
effect, known as “the mode jumps” restricts the operating regime for a given 
design of plasma source. 
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FIGURE 10.57 
Helicon discharge schematic. 
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10.8.6 Whistlers and Helicon Modes of Electromagnetic Waves 
Applied in Helicon Discharges 


Consider the helicon discharges analyzing propagation of the helicon 
modes in magnetized plasma. The helicons are propagating electromagnetic 
“whistler” wave modes in an axially magnetized, finite diameter plasma col- 
umn. The electric and magnetic fields of the helicon modes have radial, axial, 
and usually, azimuthal variation. They propagate in a low frequency, high 
plasma density regime with relatively low magnetic fields, which can be 
characterized by the following frequency limitations 


OLH K © K Be, Whe > WWBe- (10.8.5) 


®pe is the electron plasma frequency; wpe is the electron cyclotron frequency; 
and wyy is the lower hybrid frequency in magnetized plasma, which occurs 
taking into account the ions mobility 


it sc, A 1 


Qe 8D. af 
OTH Opi WBe Bi 


(10.8.6) 


where @pi is the plasma-ion frequency (Equation 6.5.15), and œg; is the ion 
cyclotron frequency (Equation 6.6.41). The right-hand polarized electromag- 
netic waves in magnetized plasma with frequencies between ion and electron 
cyclotron frequencies wg; K w K we are known as the whistler waves. For 
the right-hand-polarized electromagnetic wave propagation along the mag- 
netic field at frequencies below the frequency of the ECR, the dispersion 
equation (Equation 6.6.39) can be rewritten as 


2 
kc? ee Ope 


(10.8.7) 


WW Be 


From the dispersion equation (Equation 10.8.7), the propagation of the 
electromagnetic whistler waves is possible at frequencies below the plasma 
frequency ® < wpe. Taking into account the helicon frequency conditions 
(Equation 10.8.5) and introducing the wave number kọ = w/c correspond- 
ing to the electromagnetic wave propagation without plasma, the dispersion 
equation for the whistler waves (Equation 10.8.7) becomes 


282. 
E kape 


' 10.8.8 
Ron (10.8.8) 


The whistler waves can propagate at an angle to the axial magnetic field. 
Hence, the dispersion equation for the whistlers can be rewritten in more 
general form as 


PERG A 
a ko Ope 
kk, Be’ 


(10.8.9) 
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where k = ,/k+ + k2 is the wave-vector magnitude, which takes into account 
not only axial kz, but also radial component kı. The helicon frequency 
condition (Equation 10.8.5) requires Oe >> @gew, which together with the 


dispersion equation (Equation 10.8.8) shows that k? >> k3. This means that 
the wavelengths of the helicon waves in the magnetized plasma are much 
less that those of electromagnetic waves of the same frequency without mag- 
netic fields. For this reason, in contrast to RF CCP and RF ICP discharges, the 
helicon discharges can be characterized by wavelengths comparable with the 
typical discharge size and can be considered as wave-heated, even though 
they operate in relatively low RF range. 


10.8.7 Antenna Coupling of Helicon Modes and Their Absorption 
in Plasma 


Helicon isa superposition of low frequency whistler propagating ata common 
fixed angle to the axial magnetic field. The helicon modes are mixtures of 


electromagnetic (div Ex 0) and quasi-static (curl E 0) fields 
E, H x expi(wt — kz — mb), (10.8.10) 


where 0 is the angle between the wave propagation vector and magnetic field, 
and the integer m specifies the azimuthal mode. Helicon sources have been 
developed based on excitation of the m = 0 and m = 1 modes. The m = 0 
mode is axisymmetric and m = 1 mode has a helical variation, therefore both 
modes generate time-averaged axisymmetric field intensities. The transverse 
electric field patterns for the m = 0 and m = 1 modes and the way they pro- 
pagate along the axial magnetic field are shown in Figure 10.58 (Chen, 1991). 
The quasi-static and electromagnetic axial electric field components exactly 
cancel in the undamped helicon modes, which means that the total E; = 0. 
Thus, the antenna is able to couple to the transverse electric or magnetic field 
to excite the modes. To design an RF antenna for efficient power coupling, its 
length should be correctly related to magnetic field and plasma density. The 
following simplified formula derived for the case k; >> k, can be practically 
used for this purpose if the electron density is not very high (Komori et al., 
1991) 

2x 3.83 B 


a = : 
k R eponef 


(10.8.11) 


In this relation, R is radius of insulating (or conducting) wall, ne is the 
plasma density, f = œ/2x is the electromagnetic wave frequency. A typical 
schematic of an RF antenna to excite the helicon m = 1 mode is shown in 
Figure 10.59. The antenna generates a B,RF magnetic field over an axial 
antenna length, which can couple to the transverse magnetic field of the heli- 
con mode. The antenna also induces an electric current within the plasma 
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FIGURE 10.58 

Transverse electric fields of helicon modes at five different axial positions: (a) m = 0 and (b) m = 1. 
(Adapted from Lieberman, M.A. and A.J. Lichtenberg, 1994. Principles of Plasma Discharges and 
Material Processing, Wiley, New York.) 


column just beneath each horizontal wire in a direction opposite to currents 
shown on the figure. This current produces a charge of opposite signs at the 
two ends of the antenna. In turn, these charges generate a transverse quasi- 
static RF electric field Ey, which can couple to the transverse quasi-static fields 
of the helicon mode (see Figure 10.58b). The helicon mode energy can be 
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transferred to the plasma electron heating by collisional damping or collision- 
less Landau damping (see Section 6.5.6). The collisional damping mechanism 
transfers the electromagnetic wave energy to the thermal bulk electrons, while 
the collisionless Landau damping preferentially heats nonthermal electrons 
with energies much exceeding the bulk electron temperature. The collisional 
damping mechanism dominates at relatively higher pressures, while at lower 
pressures (less than 10 mTorr in the case of argon) the Landau damping 
dominates. 


10.8.8 Electromagnetic Surface Wave Discharges, General Features 


Electromagnetic waves can propagate along the surface of a plasma column 
and be absorbed by the plasma, sustaining the surface wave discharge. Such 
surface waves, which have strong fields only near the plasma surface, were 
first described by Smullin and Chorney (1958) and Trivelpiece and Gould 
(1959), and then investigated by Moisan and Zakrzewski (1991). The surface 
wave discharges can generate the HDP with diameters as large as 15 cm. The 
absorption lengths of the electromagnetic wave surface modes are quite long 
in comparison with the ECR-microwave discharge (see Section 10.8.2). The 
surface wave discharge typically operates at frequencies in the microwave 
range of 1-10 GHz without an imposed axial magnetic field. Komachi (1992) 
has developed planar rectangular configurations of this discharge. The elec- 
tromagnetic surface wave, damping in both directions away from the surface, 
can be arranged in different configurations. One of them, a planar configu- 
ration on the plasma—dielectric interface will be considered in more detail in 
the following section. In another configuration, plasma is separated from a 
conducting plane by a dielectric slab. This planar system also admits prop- 
agation of a surface wave that decays into the plasma region. Although this 
electromagnetic wave does not decay into the dielectric, it is confined within 
the dielectric layer by the conducting plane. Finally, a surface wave also is able 
to propagate in the cylindrical discharge geometry. In this case, the surface 
wave propagates on a nonmagnetized plasma column confined by a thick 
dielectric tube. 


10.8.9 Electric and Magnetic Field Oscillation Amplitudes 
in the Planar Surface Wave Discharges 


The planar surface wave configuration can be described as follows. The elec- 
tromagnetic surface wave is supported at an interface between a dielectric 
and plasma. At the interface between a semi-infinite plasma and dielectric, 
a solution can be found for which the wave amplitude decays in both direc- 
tions away from the interface. This solution corresponds to the surface wave 
discharge. Assuming the semi-infinite plasma zone is in positive semi-space 
x > 0, and that the electromagnetic wave propagates in the direction of “z,” 
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the amplitude of magnetic field oscillations in plasma is 
Hyp = Hyo exp (- lapl x— ik-z) ; (10.8.12) 


In this expression, Hyo is the amplitude of magnetic field component 
directed along the plasma-dielectric interface; ap characterizes the electro- 
magnetic wave damping in plasma; k; is the wave number in the direction 
of electromagnetic wave propagation. Assuming that magnetic field Hy in 
the electromagnetic surface wave is continuous across the interface at x = 0, 
the amplitude of the magnetic field oscillations in dielectric can be expressed 
similar to Equation 10.8.12 as 


Aya = Hyo exp(\aal x — ikzz), (10.8.13) 


where ag characterizes the electromagnetic wave damping in dielectric. As 
one can see from Equations 10.8.12 and 10.8.13, the magnetic field oscilla- 
tions decrease in plasma where x > 0, and in dielectric where x < 0. From 
the wave equation, the damping coefficients aq and ap for the transverse 
electromagnetic surface waves can be related to the wave number k; as 


2 


+R = ely (10.8.14) 
2 2 w? 
—ap +k = P (10.8.15) 


In these relations, eg is the dimensionless dielectric constant of the dielectric 
semi-space under consideration; and ep is the dimensionless plasma dielectric 
constant (Equation 6.6.7), which can be expressed in the collisionless regime 
as a function of the plasma frequency wpe 


g =1-—. (10.8.16) 


The electric field amplitude both from dielectric (d) and plasma (p) sides 
can be then related to magnetic field amplitude based on Maxwell equations 


Q 


Ez4 = Hyo- exp(|ag| x — ikzz). (10.8.17) 
1WMEQEd 
Q . 
Exp = Hy oa; exp(— |ap| x — ikzz). (10.8.18) 


From Equations 10.8.12 and 10.8.13, the electric field oscillations similar to 
magnetic fields (see Equations 10.8.12 and 10.8.13) also decrease in plasma 
where x > 0, and in dielectric where x < 0. 
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10.8.10 Electromagnetic Wave Dispersion and Resonance 
in the Planar Surface Wave Discharges 


Taking into account the continuity of Ez at the plasma-dielectric interface 
x = 0, one can derive, based on Equations 10.8.17 and 10.8.18, the relation 
between the damping coefficients ag and ap in plasma and dielectric zones as 


a 
ae (10.8.19) 


Substituting Equations 10.8.14 and 10.8.15 into Equation 10.8.19, one obtains 
the relation, which is free of the unknown damping coefficients ag and Op 


2 2 
e2 (e = vo) = (e > a5) l (10.8.20) 


This relation can be solved for the wave number kz, which leads, taking 
into account Equation 10.8.16, to the final dispersion equation for the planar 
surface waves 


ke = Jeg la =a Te (10.8.21) 


This dispersion equation in form of dependence kzc/wpe(®/@pe) is illus- 
trated in Figure 10.60. It is interesting to note that the propagation of the 
surface waves is possible at lower electromagnetic field frequencies in contrast 
to the conventional case of electromagnetic waves propagation in plasma, 
see the dispersion equation (Equation 6.6.20) to compare. In the case of con- 
ventional dispersion (Equation 6.6.20), electromagnetic wave propagation is 
possible only when the plasma density is lower than the critical value (Equa- 
tion 6.6.29). There is no such kind of limit for surface wave discharges, which 
provides an opportunity to operate these discharges at high plasma densi- 
ties in the HDP regimes. From the dispersion equation (Equation 10.8.21) and 
Figure 10.60, the wave number k, of the electromagnetic surface wave is real 
and wave propagation is possible for frequencies below the resonant value 
(œ < Ores) 


Wpe 


169) = a 
res JI Fea 


(10.8.22) 


In the case of low frequencies (w  Wres), kz ~ @/c,/£q, and the surface wave 
propagates as a conventional one in the dielectric. The frequency of inter- 
est for the surface wave discharges is near but below the resonant one wres, 
which for the HDP sources corresponds to microwave frequencies exceed- 
ing 1 MHz. When the electromagnetic wave frequency w is fixed, the surface 
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FIGURE 10.60 
Surface wave dispersion curve kz(w). 


wave propagation is possible only at plasma densities exceeding the critical 


density 


mæ?eo(1 + £a) 


Ne = nres = 7 
e 


(10.8.23) 
Thus, unlike the conventional case (Equation 6.6.29), propagation of surface 
waves and sustaining the surface wave discharge is possible when the plasma 


density exceeds the relevant critical value (Equation 10.8.23) even without 
steady external magnetic field. 


10.9 Nonequilibrium Microwave Discharges 
of Moderate Pressure 


10.9.1. Nonthermal Plasma Generation in Microwave Discharges 
at Moderate Pressures 


Microwave discharges permit organizing such strongly nonequilibrium, 
plasma-chemical processes with very high energy efficiency in the interme- 
diate range of moderate pressures (usually between 30 and 200 Torr). The 
general schematics of the moderate pressure microwave discharges are almost 
identical to those considered in Sections 10.2.2 through 10.2.4 regarding 
atmospheric pressure microwave discharges. The waveguide and resonator 
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based configurations of the microwave plasma generators (see Figures 10.9 
through 10.12, and 10.15) can be applied to create nonthermal and strongly 
nonequilibrium plasma at moderate pressures. 


10.9.2 About Energy Efficiency of Plasma-Chemical Processes 
in Moderate-Pressure Microwave Discharges 


Highest plasma-chemical energy efficiency can be reached under strongly 
nonequilibrium conditions with contributions of vibrationally excited 
reagents. Such regimes require generation of plasma with specific parameters: 
electron temperature Te should be about 1 eV and higher than the translational 
one (<1000K), the degree of ionization and specific energy input (energy 
consumption per molecule, see Section 5.6.7) should be sufficiently high 
ne/no > 1076, Ey © 1eV/mol. Simultaneous achievement of these parameters 
is rather difficult, especially in steady-state uniform discharge. For example, 
the conventional low-pressure nonthermal discharges are characterized by 
too large of values for the specific energy inputs of at least 30-100 eV /mol, the 
streamer based atmospheric pressure discharges have low values of specific 
power and average energy input, powerful steady-state atmospheric pressure 
discharges usually operate close to quasi-equilibrium conditions. In contrast, 
the moderate pressure microwave discharges are able to generate nonequi- 
librium plasma with the above-mentioned optimal parameters (Rusanov and 
Fridman, 1984). An important advantage of moderate pressure microwave 
discharges is related to the fact that formation of an overheated plasma fila- 
ment within the plasma zone does not lead to an electric field decrease because 
of the skin effect in the vicinity of the filament (Vakar et al., 1981). Such pecu- 
liarity of the electrodynamic structure permits sustaining in the microwave 
discharges strong nonequilibrium conditions Te > Ty >> To at relatively high 
values of specific energy input. Steady-state microwave discharge, investi- 
gated by Krasheninnikov (1981), is sustained in CO2 at frequency 2.4 GHz, 
power 1.5 kW, pressure 50-200 Torr, flow rate 0.15-2 L/s. Specific energy 
input is in the range of 0.2-2eV/mol, specific power is up to 500 W/cm? 
(compare with conventional glow discharges values of 0.2-3 W/cm’). Spec- 
tral diagnostics proves that vibrational temperature in the discharge can be 
on the level of 3000-5000 K and significantly exceed rotational and trans- 
lational temperatures that are about 1000K (Vakar et al., 1984; Givotov 
et al., 1985). 


10.9.3 Microstructure and Energy Efficiency of Nonuniform 
Microwave Discharges 


Propagation of nonequilibrium discharges in fast gas flows is related to the 
processes on the plasma front, and it is only slightly sensitive to the processes 
in bulk of the plasma. The velocity of ionization wave and thickness of the 
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plasma front are determined by the diffusion coefficient D of heavy particles 
and the characteristic time t of the limiting gas preparation process for ioniza- 
tion (in particular, by vibrational excitation). Reactions of vibrationally excited 
molecules can be characterized by the same time interval tchem © 1/kevile © 1, 
where key is the rate coefficient of vibrational excitation. If reactions are stimu- 
lated by nonequilibrium vibrational excitation, the total energy efficiency can 
be expressed as the function of initial gas temperature T}, degree of ionization 
Ne/No, and specific energy input Ey 


Ey — kyr (Ti noho (tev + tp) — ev(T) 
v (Tn) 
E, (1 Eo ) 


N = NexNchem (10.9.1) 


In this relation, tey = Ey/keynehw is the total time of vibrational excita- 
tion; tp = cy (rn)? /kyrnoEahw is the reaction time in the passive phase of 
the discharge; Nex, chem are the excitation and chemical components of the 
total energy efficiency (Section 5.6.9); kyr is the rate coefficient of vibrational 
VT-relaxation; ey(T™") is average vibrational energy of a molecule at the 
critical vibrational temperature T™™” corresponding to equal rates of chemi- 
cal reaction and vibrational relaxation (Equation 5.6.15); AH and E4 are the 
plasma-chemical reaction enthalpy and activation energy; c% is the vibrational 
part of the specific heat per molecule. Propagation of the nonequilibrium dis- 
charge is determined by the value of the reduced electric field on the plasma 
front (E/no)s, which depends on two external parameters, gas pressure p and 
electric field on the front E. Taking into account that the reduced electric field 
on the front is almost fixed by the ionization rate requirements, the initial 
gas temperature can be found by the following simple relation (Kirillov et al., 


1986, 1987) 
E 
pes (=) 4 (10.9.2) 
no gE 


The electron concentration on the plasma front can be found from the energy 
balance as 
_D_ Tp P 

r3 Tp — Tg MeeE? 


Nef (10.9.3) 


In this relation, rp is the characteristic radius of the nonuniform microwave 
plasma zone, Tp, Tg are translational temperatures in the plasma zone and 
ambient gas respectively, e is the electron mobility. The specific energy input 
Ey in the discharge, which determines the energy efficiency of the plasma- 
chemical process can be determined using the conventional relations (see 
Equations 5.6.7 and 5.6.8) 


Ey = P/Q:. (10.9.4) 
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P is the microwave discharge power absorbed in the plasma, and Qf is the 
flow rate, which in nonuniform discharges is only the portion of the flow 
crossing the plasma front, not the total flow rate. 


10.9.4 Macrostructure and Regimes of Moderate-Pressure 
Microwave Discharges 


Microstructure of the plasma front considered above together with the dis- 
charge fluid mechanics and general energy balance permits describing the 
macrostructure and shape of the moderate pressure microwave discharges 
(Kirillov et al., 1981). The macrostructure analysis includes consideration of 
transition between the three major forms of the discharges: diffusive (homoge- 
neous), contracted, and combined. The thee major macrostructures, diffusive 
(homogeneous), contracted, and combined discharge forms take place at 
different values of pressure p and electric field E, which is related to the elec- 
tromagnetic energy flux: S = e9cE” (see Equations 6.6.22 and 6.6.23). Critical 
values of pressure p and electric field E, separating the three discharge forms, 
are shown in Figure 10.61. The area above the curve 1-1, for example, corre- 
sponds to microwave breakdown conditions; the microwave discharges are 
sustained below this curve. Critical curve 2-2 in Figure 10.61 corresponds 
to the maximal ratio E/p of the steady-state microwave discharges, which is 
sufficient according to Equation 10.9.2 to sustain ionization on the plasma 
front even at room temperature. The diffusive (homogeneous) regime, illus- 
trated in Figure 10.62a, takes place when E/p < (E/p)max, but the pressure is 
relatively low (close to 20-50 mTorr), though still in the moderate pressure 
range. As seen from the figure, the space configuration of the discharge front 
in this regime is determined by the stabilization of the front in axial flow. This 
stabilization requires the normal velocity of the discharge propagation uin to 
be equal to the component of the gas flow velocity v sin 0 perpendicular to 
the discharge front. The ratio E/p decreases at higher pressures and temper- 
atures on the discharge front should increase (according to Equation 10.9.2) 
to provide the necessary ionization rate. Critical curve 3-3 in Figure 10.62 
determines the minimal value of reduced electric field (E/p)min, when the 
microwave discharge is still nonthermal. The maximal temperature T* on the 
discharge front, corresponding to (E/p)min, is related to transition from non- 
thermal to thermal ionization mechanisms (see Section 2.2.4 and especially 
Equation 2.2.18) 


5 EST * 
T* = IIn! fx (=), PELA ar (10.9.5) 


me10 gi 


In this relation, I is the ionization potential; gi, go are the statistical weights 
of ion and ground state neutrals; kj[(E/no)¢] is the rate coefficient of nonther- 
mal ionization by direct electron impact at the reduced electric field given 
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FIGURE 10.61 
Three regimes of moderate pressure microwave discharges. 


on the discharge front (see Equation 10.9.2). At an intermediate pressure 
range 70-200 Torr and (E/p)min < E/p < (E/p)max, the combined microwave 
discharge regime can be sustained, when the nonthermal ionization front 
coexist with the thermal one. This interesting and practically important 
regime is illustrated in Figure 10.62b. In this case, a hot thin filament of 
thermal plasma is formed interior to a relatively large nonthermal plasma 
zone. Skin effect prevents penetration of the electromagnetic wave into the 
hot filament and most of energy still can be absorbed in the strongly nonequi- 
librium, nonthermal plasma surrounding. The combined regime is able to 
sustain strongly nonequilibrium, microwave plasma at relatively high values 
of degrees of ionization and specific energy input. This unique feature makes 
this regime especially interesting for plasma-chemical applications, where 
the high-energy efficiency is the most important factor. The combined regime 
requires relatively high pressures and electric fields. To derive the criterion 
of existence for this regime, take into account that T* (Equation 10.9.5) is the 
minimal temperature sufficient for the contraction of the filament. Energy 
balance of the thermal filament determined by the skin layer 8(Tm) can be 
expressed based on Equation 8.4.14 as 


m, (10.9.6) 


In this relation, Am is the thermal conductivity coefficient at maximum plasma 
temperature Tm in the hot filament, I is the ionization potential. Then criterion 
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FIGURE 10.62 
Transition of a diffusive microwave discharge (a) into a contracted one (c) related to pressure 
increase ((b) transitional regime). 


of existence for the combined regime of microwave discharges then can be 


expressed as 
Qhme(T*)* /|2wpoT*Ne(T*) 
E? p > f 10.9.7 
vP2 egcl Mken ( ) 


ken is the rate coefficient of electron-neutral collisions. The corresponding 
critical curve 4-4 in Figure 10.61 separates the lower pressure regime of the 
homogeneous discharge (Figure 10.62a) from the higher-pressure regime of 
the combined discharge (Figure 10.62b). At high pressures, to the right from 
the critical curve 5-5, radiation heat transfer becomes comparable with the 
molecular heat transfer. Because of reduction of the mean free path, the 
radiative front overheating becomes essential, and the contracted microwave 
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discharge becomes completely thermal, which is illustrated in Figure 10.62c 
(Alexandrov and Rukhadze, 1976). 


10.9.5 Radial Profiles of Vibrational T,(r) and Translational T9(r) 
Temperatures in Moderate-Pressure Microwave Discharges 
in Molecular Gases 


The profiles T,(r) and To(r) are qualitatively different in these three regimes: 
homogeneous occurring at lower pressures, contracted occurring at higher 
pressures, and combined, which is related to intermediate pressure range (Fig- 
ures 10.61 and 10.62). Results of detailed spectral measurements of vibrational 
and translational (rotational) temperatures are illustrated in Figure 10.63 
together with radial distribution of power density (Vakar et al., 1984; Givotov 
et al., 1985). These can be summarized as follows. The radial profiles of vibra- 
tional and translational temperatures are obviously close to each other in the 
quasi-equilibrium regime at higher pressures (Figure 10.63c). At relatively 
low pressures, electron density is low and the skin effect can be neglected. 
In this case, the maximum deviation of the vibrational temperature from the 
translational one occurs on the axis of the discharge tube, where electron 
concentration and power density is maximal (Figure 10.63b). Qualitatively 
different temperature distributions can be observed at intermediate pressures, 
which are illustrated in Figure 10.63a. In this case, effective vibrational exci- 
tation and strong vibrational—translational nonequilibrium take place only 
on the nonequilibrium front of the microwave discharge, which is located 
at some intermediate radii. The vibrational excitation is not effective near 
the discharge axis because of the low electric field (which slows down the 
excitation) and high translational temperature (which accelerates vibrational 
relaxation). Near the walls of the discharge tube, the vibrational excitation is 
ineffective because of low electron density. 


10.9.6 Energy Efficiency of Plasma-Chemical Processes in Nonuniform 
Microwave Discharges 


The energy efficiency of plasma processes (Equation 10.9.1) is related only to 
the formation of products on the discharge front. Considering nonuniform 
microwave discharges (first in the combined regime, see Figure 10.62b), one 
should take into account the fact that part of products effectively formed 
in the nonthermal zone can be destroyed in thermal inverse reactions in 
the hot filament. These losses, as well as other nonuniformity losses like 
those related to microwave absorption in the hot skin layer, can be taken 
into account by the additional special efficiency factor (Tmax — Tmin)/Tmax 
(Kirillov et al., 1984b,c; Liventsov et al., 1988), which is related to the dis- 
charge nonuniformity and appears similar to the Carnot thermal efficiency 
coefficient. Physically, the nonuniformity factor in energy efficiency can be 
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FIGURE 10.63 
Radial distributions of vibrational and transitional temperatures (as well as specific power) at 
different pressures. 


interpreted taking into account that large temperature differences between the 
cold surrounding nonthermal plasma zone and the hot filament prevents the 
products from having long contact with the high temperature zone. This pro- 
tects the plasma-chemical products from inverse reactions and increases the 
energy efficiency. Also the high temperature Tmax in the plasma filament leads 
to higher plasma density there and to a stronger skin effect, which decreases 
energy losses in this zone and also promotes high-energy efficiency. In this 
case, the total energy efficiency of the nonequilibrium processes can be pre- 
sented by a combination of the quasi-uniform energy efficiency n, given for 
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example by Equation 10.9.1 and the nonuniformity factor introduced above. 
This leads to the total energy efficiency 


Tmax — Tmi 
Ntotal = N X ae (10.9.8) 
max 
In this relation, Tmin is the gas temperature in the cold nonequilibrium 
discharge zone, while Tmax is the gas temperature in the hot plasma filament. 


10.9.7 Plasma-Chemical Energy Efficiency of Microwave Discharges 
as a Function of Pressure 


Equation 10.9.8 can be applied in particular to describe the pressure depen- 
dence of the energy efficiency of the nonthermal microwave discharges. 
Taking into account Equation 10.9.2 between pressure and temperature on 
the plasma front 
P 
Tg = T* ; 10.9.9 
p2(E) i } 
The pressure dependence of the quasi-uniform component y of the energy 
efficiency in accordance with Equation 10.9.1 can be expressed as 


n © 1—ax./p/pr(E). (10.9.10) 


a; * 0.3 is the dimensionless parameter of a process; p2(E) = T*E/(E/no)¢ is 
the maximum pressure when the nonequilibrium plasma front is still possi- 
ble (see Figure 10.61). Equation 10.9.10 describes the well-known tendency of 
growth of relaxation losses with pressure. The energy balance of the plasma 
filament in the microwave discharges gives the following simplified pres- 
sure dependence of the maximum temperature (Mayerovich, 1972; Kirillov 
et al.,1984b,c) 


Tmax = T*/p/pi, (10.9.11) 


where p is the minimal pressure of the thermal filament appearance (see 
Figure 10.61). This maximum temperature in the hot plasma zone permits 
rewriting the energy efficiency nonuniformity factor as 


Tmin Tmin pı 
1 = 1 : 10.9.12 
Tmax T* P ( 


As expected, the nonuniformity factor continuously increases with pres- 
sure. The total energy efficiency of plasma-chemical processes stimulated by 
vibrational excitation (Equation 10.9.8) based on Equations 10.9.10 and 10.9.12 
can be presented as 


T. A 
total = (1 - a A) x (1 — ap 3 ae Di (10.9.13) 
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FIGURE 10.64 
Energy efficiency as a function of pressure. 


According to this relation, the total energy efficiency as a function of 
pressure has a maximum, which is in a good agreement with experiments 
of Krasheninnikov (1981) (see Figure 10.64). The maximum of the ntotal (pP) 
dependence takes place at the pressure 


Tay 
3/5, 2/5 
Popt = Pi Ps! (=>) (10.9.14) 


The temperature factor in the parentheses is of order unity and therefore the 
optimal pressure is in the interval pı < p < p2, which corresponds to the com- 
bined regime of the moderate pressure microwave discharges (Figure 10.62b). 
In other words, the maximum energy efficiency can be achieved during tran- 
sition from the homogeneous diffusive to contracted form of the moderate 
pressure microwave discharges. This statement has a clear physical interpre- 
tation. The maximum efficiency of the reactions stimulated by vibrational 
excitation of molecules requires, on the one hand, that the pressure decrease 
to diminish the relaxation losses. On the other hand, it requires higher pres- 
sures to provide larger temperature gradients to prevent penetration of the 
reaction products and electromagnetic energy into the thermal plasma zone. 
These two requirements are satisfied simultaneously in the moderate pres- 
sure range during the microwave discharge transition from the homogeneous 
diffusive into contracted form. Consider experiments carried out in CO2 
(Krasheninnikov, 1981), the microwave plasma transition from the homoge- 
neous diffusive into the contracted form took place at pı = 90 Torr; transition 
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to the quasi-equilibrium thermal discharge regime took place at pı = 90 Torr; 
transition p2 = 300 Torr; and the maximum of energy efficiency of the plasma- 
chemical process (which means minimum energy cost of CO2 dissociation) 
was achieved at an optimal pressure Popt © 120 Torr. 


10.9.8 Power and Flow Rate Scaling of Space-Nonuniform 
Moderate-Pressure Microwave Discharges 


Scaling of plasma processes can be based on the specific energy input Ey. 
Endothermic processes of gas conversion usually achieve the maximum 
energy efficiency at the specific energy inputs 1 eV/mol. This means that opti- 
mization of energy efficiency requires the fixed ratio of the discharge power 
to the gas flow rate through the discharge on a level close to 1 kWh per stan- 
dard m°. Increase of power requires the corresponding proportional increase 
of the flow rate. This scaling rule should be corrected for the spatially nonuni- 
form discharges (in particular, the moderate pressure microwave discharges), 
where some portion of the flow can avoid contact with plasma. To make these 
corrections and determine the power limitations of the discharge, consider a 
microwave discharge with the characteristic radial size of about the skin layer 
ô and length of about L, sustained in gas flow (see Figure 10.62). If the normal 
velocity of discharge propagation is uin and axial gas velocity is equal to v, 
then the angle 0 between the vector of axial velocity and the quasi-plane of 
the discharge front (see Figure 10.62) is 


sin = =. (10.9.15) 


If the axial gas velocity v is not very large, then the angle 9 is rather large, 
and most of gas flow is able in principle to cross the discharge front. In this 
case, at a fixed value of pressure (e.g., on the optimal level Popt determined by 
Equation 10.9.14), the flow rate across the discharge front Qf is close to the total 
gas flow rate Q and increases with the axial gas velocity v. In this regime, the 
nonuniformity effects on the energy efficiency are small. At high gas velocities, 
the influence of the nonuniformity effects becomes crucial. Further increase 
of the gas flow across the discharge front becomes impossible, when the axial 
gas velocity reaches the maximum value 


= E i, (10.9.16) 


If the axial gas velocities exceed the critical value determined by Equa- 
tion 10.9.16, v > Umax, the fast flow compresses the discharge (see Equation 
10.9.15). In this case, the effective discharge cross section decreases with gas 
velocity as 1/v?, and the gas flow across the discharge front decreases linearly 
with gas velocity as 1/v. Thus, there is the maximum value of the gas flow 
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rate across the discharge front, which can be expressed taking into account 
Equation 10.9.16 as 


Qt max © Vint N98L, (10.9.17) 


where no is the gas density. The relation between the flow rate across the 
discharge front and the total flow rate, assuming that at low velocities the 
discharge radius is correlated with the radius of the tube, is 


Qr ~Q, if Q < Qfmax (10.9.18a) 


2 
Oy © Simas, if Q > Opie (10.9.18b) 


Scaling of the plasma-chemical process by proportional increase of the gas 
flow rate Q and discharge power P, keeping the specific energy input Ey = 
P/Q constant, is possible only at flow rate values below the critical one Q < 
Qf max. Proportional increase of the gas flow rate and the discharge power 
at higher flow rates leads to an actual increase of the specific energy input 
proportionally to the square of power: Ey œ P*. In this case of higher flow rates 
Q > Qfmax, the energy efficiency of plasma-chemical processes decreases as 
yn «x 1/ P2. Based on Equation 10.9.18, the maximum power, where high energy 
efficiency is still possible in nonuniform microwave discharges of moderate 
pressure is 


Pmax = NEyWindSLno. (10.9.19) 


If Ey *1eV/mol, uin © 300cm/s, no © 5x 10!8cm-3, 81cm, L% 
10-30 cm, the power limit (Equation 10.9.19) gives Pmax = 10-30 kW, which 
is in a good agreement with the experiments of Ageeva et al. (1986). Further 
increase of microwave power with still high energy efficiency becomes pos- 
sible by some special changes of the discharge geometry and by organizing 
the nonthermal microwave discharges in supersonic gas flows. 


PROBLEMS AND CONCEPT QUESTIONS 


1. Integral flux relation and the channel model of arc discharges. Use the 
integral flux relation in the form J; + Sr = 0, which describes the 
cylindrical plasma column, together with the Maxwell relation for 
magnetic field (curl H) to derive the third equation closing the 
channel model of arc. 

2. Equations describing a long inductively coupled RF discharge. Derive 
the boundary condition (Equation 10.1.9) for the systems (Equa- 
tions 10.1.6 and 10.1.7) of the ICP RF discharge. Show that the 
magnetic field in anonconductive gas near the walls of the discharge 
is the same as the field inside an empty solenoid. 

3. Damping of electromagnetic fields in the skin layer of ICP. Based on 
the Maxwell equations 10.1.10, derive the distribution of electric 
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and magnetic fields inside of ICP (Equations 10.1.13 and 10.1.14) 
in the framework of the metallic cylinder model, that is, assuming 
constant conductivity oinside plasma. 

ICP temperature as a function of solenoid current and other parameters. 
Combining Equation 10.1.21 with the formula for plasma conduc- 
tivity and the Saha equation, derive Equation 10.1.22 for the ICP 
temperature. Analyze this relation and show that the ICP tem- 
perature in the case of strong skin effect does not depend on the 
frequency of electromagnetic field. 

Temperature limits in thermal ICP discharges. Typical temperatures 
in the ICP discharges are limited to the interval between 7000 K 
and 11,000 K. Analyzing Equation 10.1.23 for the specific ICP dis- 
charge power, explain why the plasma temperature usually does 
not exceed 11,000 K. Taking into account the stability of the ICP dis- 
charges at low conductivity conditions (see Equation 10.1.28), give 
your interpretation of the lower temperature limit of the discharge 
on the level of about 7000 K. 

Critical solenoid current to sustain thermal ICP discharge. Derive Equa- 
tion 10.1.28 for the minimum value of the solenoid current Ign, 
which is necessary to sustain the quasi-equilibrium thermal ICP. 
For the derivation use Equation 10.1.21, assuming a value of elec- 
tric conductivity om corresponding to the critical condition è ~ R 
(see Equation 10.1.11). Give your interpretation of the fact that high 
solenoid current is necessary to sustain the thermal ICP in a smaller 
discharge tube. 

Stability of thermal ICP discharge at high conductivities. The low con- 
ductivity regime of the thermal ICP discharge is unstable (left 
branch in Figure 10.4); prove similarly that the ICP regime with 
high conductivity and strong skin effect (left branch in Figure 10.4) 
is stable with respect to temperature and, hence, to conductivity 
fluctuations. 

Capacitively coupled atmospheric pressure RF discharges. Give your 
interpretation why the power density of the atmospheric pressure 
CCP discharge grows with an increase of the voltage amplitude and 
the electric field frequency. Explain why the power densities of the 
uniform atmospheric pressure CCP discharges are usually less than 
those of the pulsed corona discharges. 

Microwave discharge in Hq1-mode of rectangular waveguide. Calculate 
the maximum electric field for an electromagnetic wave in the Ho - 
mode of a rectangular waveguide at the frequency f = 2.5 GHz 
(the corresponding wavelength in vacuum ^ = 12 cm). Assume 
the microwave discharge power is approximately 1 kW, the wide 
waveguide wall is equal to 7.2 cm, and the narrow one is 3.4 cm 
long. Calculate the reduced electric field E/p in this system with- 
out plasma influence at atmospheric pressure; compare the result 
with typical E/p in nonthermal glow discharges and thermal arc 
discharges. 

Microwave discharge in H11-mode of round waveguide. Based on Equa- 
tions 10.2.3 and 10.2.4, analyze the electric field distribution along 
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the radius (but in different directions) of the round waveguide oper- 
ating in Hj,-mode without a plasma. Assume the electromagnetic 
wave frequency f = 2.5 GHz (the corresponding wavelength in vac- 
uum = 12 cm), the microwave discharge power is approximately 
1 kW, the round waveguide radius is equal to 4 cm and calculate the 
maximum electric field in the case. Compare the calculated maxi- 
mum electric field with the one calculated in the previous problem 
under similar conditions, but for a rectangular waveguide. 

11. Constant conductivity model of microwave plasma generation. In the 
framework of the constant conductivity model, derive the reflection 
coefficient p = (Sg — S1)/Sg of an incident electromagnetic wave 
normal to the sharp boundary of plasma. This can be derived based 
on boundary conditions for electric and magnetic fields on the 
plasma surface. 

12. Energy balance of the thermal microwave discharge. Derive the energy 
balance (Equation 10.2.10) for the microwave plasma temperature. 
Based on this equation, analyze dependence of the microwave 
plasma temperature on power, pressure, and other discharge sys- 
tem parameters. 

13. Laser radiation absorption in thermal plasma. Based on Equation 10.2.13 
for the absorption coefficient of laser radiation, interpret the absorp- 
tion dependence on pressure illustrated in Figure 10.18. Explain 
in particular why the maximum of the temperature dependence 
La/ p(T) shifts to the right in this figure (to the higher temperature 
levels) when the gas pressure increases from 1 to 100 atm. 

14. Geometry of the continuous optical discharge. Analyzing the discharge 
pictures presented in Figure 10.20, clarify the physical factors, which 
determines the size of the continuous optical discharge. Experimen- 
tally, the minimum plasma radius corresponds in this case to the 
critical threshold conditions (see Equation 10.2.19) and numerically 
is about rų ~ 0.1 cm. Estimate the radiation flux density. 

15. Stable and unstable regimes of continuous optical discharges. The left 
low-temperature and low-conductivity branch of the curve Po(T) 
(Figure 10.19), where Tm < T; is unstable. Prove in a similar way 
that the opposite right high-temperature and high-conductivity 
branch of the curve P9(T) in Figure 10.19 where Tm > T} is stable. 
Explain the similarly from this point of view (stability only at high 
conductivity conditions) of the continuous thermal ICP, microwave 
and optical discharges. 

16. Comparative analysis of temperatures in the thermal ICP, microwave, 
and optical discharges. The plasma temperatures in the continu- 
ous optical discharges are about twice more than in ICP and 
arcs, and about three to four times larger than in microwave dis- 
charges. Give your interpretation why the plasma temperature 
changes nonmonotonically with frequency of the electromagnetic 
fields. 

17. Reactive component of capacitively coupled RF plasma resistance. Derive 
Equation 10.3.6 for the reactive (imaginary) resistance component 
of the plasma itself and sheaths in plasma phase at high frequencies 
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œ > Ve. Explain why the reactive resistance component has the 
inductive nature. 

Voltage drop on space charge sheaths of CCP discharges. Derive equa- 
tion 10.3.10 for the total voltage Us related to the space charge, 
and explain why it includes only the principal harmonic (w) of the 
applied voltage, while the voltage drop on each sheath separately 
contains a constant component and second harmonics (2). Prove 
that the phase shift between voltage and current in the space charge 
sheath corresponds to the capacitive resistance. 

CCP discharge power transferred to ions in sheaths. Derive equation 
10.3.14 for power transferred per unit electrode area to ions in 
a sheath of the ICP discharge. Give your interpretation of the 
inverse proportionality of this power to the cube of electromagnetic 
oscillation frequency. 

Equivalent scheme of a capacitively coupled RF discharge. Based on the 
equivalent scheme of the ICP discharges presented in Figure 10.25, 
calculate the resonant frequency of electromagnetic oscillations for 
this circuit. Compare the result with Equation 10.3.12 for the reso- 
nance frequency. Discuss the peculiarities of the result in the case 
of relatively high and relatively low gas pressures. 

Motion of the plasma-sheath boundary in CCP discharges, taking into 
account nonuniformity of ion density in the sheath. The motion of the 
plasma-sheath boundary is nonharmonic even in the case of j = 
—jo sin(wt), taking into account the nonuniformity of ion density 
in the sheath zone. Based on Equation 10.3.16 for phase evolution 
across the sheath zone, prove that velocity of the plasma boundary 
is inversely proportional to ion concentration nj(x). Explain why 
the duration of the space charge phase is longer in the vicinity of 
the ICP discharge where plasma is quasi-neutral. 

Ion concentration in sheaths of moderate pressure CCP discharges in 
a-regime. Balancing the ion flux to the electrode Equation 10.3.13 
and the ionization rate in the sheath IyL/2, derive Equation 10.4.4 
for the ion density in the sheath of a CCP discharge. Estimate typical 
numerical values for pressure and current density dependence of 
the weakly changing logarithmic factor In A in this relation. 

Sheath size of moderate pressure CCP discharges in a-regime. Based 
on Equations 10.4.5 and 10.4.4, estimate sheath sizes in moder- 
ate pressure a-discharges. Compare these sheath sizes with Debye 
radius at relevant plasma parameters. Give your interpretation of 
the comparison. 

Ion current of moderate pressure CCP discharges in y-regime. Analyze 
Equation 10.4.10 and show that ion current in the normal regime 
of the y-discharge is proportional to square of pressure: ji « p2. 
Interpret the discharge transition to the low frequency regime with 
pressure increase. 

High pressure limit of the y-CCP discharge. Prove that the upper pres- 
sure limit of the y-CCP discharges Equation 10.4.11 is equivalent to 
the following requirement: number of ions reaching the electrode 
during one oscillation period is less than total number of ions in 
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the sheath. Give numerical estimation of the upper pressure limit 
Equation 10.4.11. 

26. Critical current of the a-y transition. Analyze the dependence of the 
critical current of the a-y transition on gas pressure (use Equation 
10.4.12). 

27. Effective electric field in low pressure CCP RF discharges. Derive Equa- 
tion 10.5.9 for the effective reduced electric field in low pressure 
CCP discharges. Analyze the numerical value of the logarithmic 
factor in this relation and explain why the electric field in this case 
can be considered as constant. Compare this effect with the similar 
one in the case of positive column of DC-glow discharges. 

28. Potential barrier on the plasma-sheath boundary. Analyze the kinetic 
flux balance equation 10.5.18 for the low pressure capacitive RF 
discharges, and show that the potential barrier on the plasma- 
sheath boundary can be estimated as the lowest energy of electronic 
excitation. 

29. Stochastic heating effect. Analyze reflection of electrons from the 
sheath boundaries moving to and from electrodes and calculate the 
energy transfer to and from an electron. Take into account that the 
electron flux to the boundary moving from the electrode exceeds 
the one moving in opposite direction to the electrode; estimate the 
energy transferred to the fast electrons by the stochastic heating. 

30. Potential barrier on the plasma boundary at low and high current Limits. 
Analyze Equations 10.5.25 and 10.5.33 for the potential barrier on 
the plasma boundary at the low and high current limits. Compare 
these potential barriers between themselves and with the electronic 
excitation energy £1. 

31. Plasma density and sheath thickness dependence on current density in low 
pressure CCP RF discharges. Describe the plasma concentration and 
sheath thickness dependence on the current density including both 
regimes of high and low current. Give your interpretation of the 
dependences and illustrate your conclusions using data presented 
in Figure 10.36. 

32. Critical current density of transition between low and high current regimes 
in the capacitive discharges. Using Equation 10.5.36, estimate the crit- 
ical value of the discharge current density corresponding to the 
transition between low and high current regimes of the low pres- 
sure CCP RF discharges. Compare the results of your estimations 
with the relevant data presented in Figure 10.36. 

33. Asymmetric effects in low-pressure capacitive RF discharges. Assuming 
the surface area of the powered electrode is 10 times the area of 
the grounded one and neglecting current losses on the walls of the 
grounded discharge chamber, calculate the ratio of voltages on the 
sheaths. Interpret why the plasma treated material is usually placed 
in the sheath related to the powered electrode. 

34. Secondary-emission resonant RF discharge. The secondary-emission 
resonant discharge requires the electron “flight time” to the opposite 
electrode to coincide with a half period (or odd number of the half- 
periods) of the electric field oscillations. Show that such discharges 
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can be stable, if the electron emission phase-shift with respect to 
moment E = 0 is also small enough to make electrons emitted in 
different but close phases to group together. 

Magnetron RF CCP discharge. Velocity of electron oscillations in the 
direction perpendicular to electrodes and corresponding coordinate 
of this oscillation is described in the magnetron RF discharges by 
Equations 10.6.12 and 10.6.13. Derive these relations based on Equa- 
tion 10.6.8 of electron motion in the crossed magnetic and oscillating 
electric fields. Analyze the resonant characteristics of Equations 
10.6.12 and 10.6.13. 

Current density distribution in ICP discharges. For the ICP discharge 
arranged inside an inductor coil, analyze the current density dis- 
tribution (Equation 10.7.4) along radius of the discharge tube. 
Determine the conditions when the Bessel function describing this 
distribution can be simplified to the exponential form (Equation 
10.7.6), which corresponds to plasma current localization on the 
discharge periphery. 

Equivalent scheme of an ICP discharge. Analyze the equivalent scheme 
of the ICP discharge, shown in Figure 10.49, and explain why the 
discharge current exceeds the current in the inductor coil exactly 
N times, where N is the number of windings in the coil (Equation 
10.7.14). This result is derived from Equation 10.7.13 by neglecting 
the voltage drop on the plasma loop, which is correct only at high 
currents. Determine a criterion for the relation (Equation 10.7.14) 
between currents in plasma and in inductive coil. 

Plasma density in ICP discharges. Low pressure ICP discharges are 
able to operate effectively at electron densities 1011012 cm~’ 
(even up to 1018 cm7?), which is more than 10 times the typi- 
cal values of electron concentration in the capacitively coupled RF 
discharges and provides an important advantage for practical appli- 
cation of the discharges. Analyzing Equations 10.7.15 and 10.7.17, 
give your interpretation of this important feature of the ICP dis- 
charges. Explain also the dependence of the plasma density on 
the electromagnetic oscillation frequency and electric current in the 
inductor coil. 

Abnormal skin effect in low-pressure ICP discharges. Based on Equation 
10.7.22 for conductivity in the collisionless sheath of a low-pressure 
ICP discharge, derive Equation 10.7.25 for the thickness of the 
abnormal skin layer. Compare Equations 6.1.25 and 10.7.25 for nor- 
mal collisional and abnormal skin layers, and determine the ICP 
discharge parameters corresponding to transition between them. 
Helical resonator discharge. Analyze the resonance condition (Equa- 
tion 10.7.26) and estimate the typical number of the helix turns 
necessary to operate the discharge at an electromagnetic wave fre- 
quency of 13.6 MHz. Taking into account the Q-values of about 
600-1500 in the helical resonator, estimate the typical values of the 
electric fields in the discharge in the absence of plasma; compare 
these electric fields with those necessary for breakdown at low 
pressures. 
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41. Propagation of electromagnetic waves in ECR-microwave discharge. 
Based on the dispersion equation 6.6.39, determine the phase 
and group velocities of the right-hand-polarized electromagnetic 
waves in an ECR-microwave discharge. Assume that the elec- 
tromagnetic wave frequency is below the plasma frequency and 
electron-cyclotron frequency. Analyze the peculiarity of the wave 
propagation near the ECR-resonance condition. 

42. ECR-microwave absorption zone. Using Equations 10.8.3 and 10.8.4, 
estimate the width of the ECR-resonance zone and of the absorbed 
microwave power per unit area. Compare these energy fluxes with 
those of RF CCP and ICP discharges applied for material treatment. 

43. Whistler waves and helicon discharges. Analyzing the dispersion 
(Equation 6.6.39) for electromagnetic wave in magnetized plasma 
at helicon conditions (Equation 10.8.5), derive the relevant disper- 
sion equation for whistler waves, superposition of which forms the 
helicon modes. Derive a relation for phase velocity of the whistlers 
and compare this phase velocity with the speed of light and explain 
how the helicon discharge can operate as the wave-heated one even 
at relatively low level of radio frequency. 

44. Landau damping of helicon modes. The antenna length la for the 
excitation of helicon modes can be chosen related to the electro- 
magnetic wave vector as: kz ~ m/l. The excited helicon modes by 
means of the Landau damping are able to heat plasma electrons, 
whose kinetic energies ¢ correspond to the wave phase velocity: € = 
(i /2)m(o/kz)?. Estimate the antenna length necessary to provide 
heating of electrons with energies e ~ 30-50 eV, the most effective for 
ionization. Assume the excitation radio frequency f = 13.56 MHz. 

45. Planar surface wave discharges. Analyze the dispersion (Equation 
10.8.21) of electromagnetic surface waves and give interpretation 
of the possibility of surface waves to propagate at lower frequen- 
cies in contrast to the conventional case of electromagnetic waves 
propagation in nonmagnetized plasma. 

46. Critical plasma density for surface wave propagation. Based on Equa- 
tion 10.8.23, estimate the minimal plasma density necessary for 
surface wave propagation with frequency 2.45 GHz. Estimate the 
gas pressure range that permits considering this plasma as collision- 
less. Analyze the effect of dielectric constant on the critical plasma 
density. 

47. Combined regime of moderate pressure microwave discharges. Derive the 
criterion (Equation 10.9.7) of formation of the hot filament of ther- 
mal plasma inside of a nonequilibrium one in moderate pressure 
microwave discharges. Based on the derived formula, make numer- 
ical estimations of the critical value of E2 „P to form the hot filament 
and compare the result with data presented in Figure 10.61. Give 
your interpretation why the filament formation requires relatively 
high values of pressure and electric field. Compare microwave and 
RF discharges from this point of view. 

48. Nonuniformity factor of energy efficiency of microwave discharges at mod- 
erate pressures. Give interpretation and conceptual derivation of 
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the nonuniformity factor in the energy efficiency (Equation 10.9.8), 
describing the energy losses related to the inverse reactions of 
products in the hot plasma filament zone. Estimate this nonuni- 
formity factor numerically for the combined microwave discharge 
regime and the more uniform relatively low-pressure regimes of the 
microwave plasma. 

Pressure dependence of energy efficiency of microwave discharges. The 
energy efficiency (Equation 10.9.13) reaches its maximum at a given 
pressure (Equation 10.9.14). Derive a formula for the maximum 
energy efficiency. Analyze the dependence of the energy efficiency 
on the ratio Tmin/T* of the nonthermal zone temperature and the 
temperature of transition from nonthermal to thermal ionization 
mechanisms. 

Power and flow rate scaling of moderate pressure microwave discharges. 
Proportional increase of the total gas flow Q and discharge power 
P at high flow rates Q > Q¢max lead to an actual increase of the 
specific energy input proportional to the square of the power: Ey « 
P?. Show that the energy efficiency of plasma-chemical processes 
in this case decreases as n « 1 /P2. 
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Discharges in Aerosols, Dusty Plasmas, 
and Liquids 


assunti] 
11.1 Photoionization of Aerosols 
11.1.1 General Remarks on Macro-Particles Photoionization 


The photoionization of aerosols can play an important role in increasing 
the electron concentration and hence, electrical conductivity of dusty gases 
(Guha and Kaw, 1968). These processes also make important contributions in 
astrophysics in the understanding of some of the characteristics of the cosmic- 
plasma, because significant amounts of interstellar matter are in the form 
of macro-particles (Sodha and Guha, 1971). The photoionization of macro- 
particles makes the most important contribution in the generation of dusty 
plasma if the radiation quantum energy exceeds the work function of macro- 
particles, but remains below the ionization potential of neutral gas species. In 
this case, the steady-state electron density is determined by photoionization 
of the aerosols and electron attachment to the macro-particles. The positive 
ions in this case are replaced by charged aerosol particulates (Spitzer, 1941, 
1944; Sodha, 1963). 


11.1.2 Work Function of Small and Charged Aerosol Particles, Related 
to Photoionization by Monochromatic Radiation 


Calculate the steady-state electron concentration ne provided by photoioniza- 
tion of spherical mono-dispersed macro-particles of radius ra and concentra- 
tion na (Karachevtsev and Fridman, 1974, 1975). The aerosol concentration nm 
distribution over different charges me should take into account as the work 
function of the aerosol depends on their charge: 


me? 


Om = 90 + 7. (11.1.1) 
TEQra 


There are upper n+ and lower n_ limits of the macro-particle charge. The 
upper charge limit is due to the fixed photon energy E = hw, and increasing 
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the work function with a particle charge: 


4neg(E — 
ips OE lng (11.1.2) 
e 
o is the work function of a noncharged macro-particle (m = 0), which 
slightly exceeds the work function Ao of the same material having a flat surface 
(Maksimenko and Tverdokhlebov, 1964): 


GaAs (1 +: ze); (11.1.3) 


Xo © 0.2nm is the numerical parameter of the relation. The lower aerosol 
charge limit n_e (n_ < 0) is related to the charge value when the work func- 
tion and hence the electron affinity to a macro-particle become equal to zero 
and attachment becomes ineffective: 


4TE0P0ra 


= a (11.1.4) 
e 


11.1.3 Equations Describing the Photoionization of Monodispersed 
Aerosols by Monochromatic Radiation 


The system of equations describing the concentration of aerosol particles with 
different electric charges, generated as a result of the photoionization process 
can be expressed as 


dny_ 
7 = —ypnn- + ANnenn— 41 (11.1.5a) 
dni : 
Gp T YPMi-1 Aeri — ypni + Anenii, N- + 1<i<n,—1, (11.1.5b) 
dn 
ae = Ypnn+ -1 — WNeNn+. (11.1.5¢) 


Here, a © oave is the coefficient of attachment of electrons with aver- 
aged thermal velocity ve to the cross section of macro-particles, oa, which 
is assumed here to be constant at i > n_; y is the photoionization cross sec- 
tion of the macro-particles, which is also supposed here to be constant at 
i < n4; ni is the concentration of macro-particles carrying charge ie (i < 0 for 
negatively charged particles), p is the flux density of mono-chromatic pho- 
tons. Considering steady-state conditions d/dt = 0, and adding sequentially 
the equations of the system (Equation 11.1.5), the balance equation for the 
charged species is 


Ni+1 
aneti = ypni, q= = 2, (11.1.6) 
1 e 
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Here q = nj+1/nj is a factor describing the distribution of particles over elec- 
tric charges. Taking into account the electro-neutrality and the mass balance, 
the equation for electron density is 


k=n+ pk n+) x 
k xq* dx 
ue kan Ty b- Sal (11.1.7) 
Ma eae qk TE q*dx 


Integrating Equation 11.1.7 leads to the equation that describes the density 
of electrons generated by the monochromatic photoionization of mono- 
dispersed aerosols (Karachevtsev and Fridman, 1974): 


ae oe 
=s ra . (11.1.8) 
Na qh -=q Ing 


11.1.4 Asymptotic Approximations of the Monochromatic Photoionization 


This general aerosol photoionization equation determines the relation 
between electron concentration ne, photon energy E = fiw, flux p, and 
aerosol parameters: radius ra, work function Ao and concentration na. The 
dependence ne = f (E, p, fa, Ma, Ao) cannot be expressed explicitly from Equa- 
tion 11.1.8, but it can be analyzed asymptotically in the opposite extremes of 
low and high fluxes of monochromatic photons: 


1. The high flux photon flux extreme q >> 1. According to definition of the q- 
factor (Equation 11.1.6), this regime requires: p >> ane/y. In this case, 
the electron concentration based on Equation 11.1.8 is 


=n}. (11.1.9) 


Thus, if the photon flux is sufficiently high to satisfy the inequality: 


ANagn+ 
— a 


p> 
Y 


(11.1.10) 
the photoionization of aerosols is so intensive that each macro- 


particle receives the maximum possible electric charge nie, which 
leads to the electron density equation (Equation 11.1.9) 


2. The low photon flux case (p « ana/y). A decrease of the photon flux p 
leads to a reduction of the q factor as well, until at the extreme case p < 
ana/y the electron concentration becomes relatively low ne/na « 1 
and the q factor reaches its minimal value. Based on Equation 11.1.8: 


n+ _ n— 
EA (11.1.11) 
q"+ — q" lnq 


742 Plasma Physics and Engineering 


The minimal value of the q-factor at low photon fluxes is close to 
unity. This means that the electron density at low photon fluxes can be 
estimated as q = 1 (see Equation 11.1.6). The asymptotic expression 
for the electron density provided by monochromatic photoionization 
of aerosols is 


Ne = Naty, if pp Z, (11.1.12a) 
y 


ne=yp/a, if p< m (11.1.12b) 


A convenient chart for calculating the electron density ne as a func- 
tion of log p and log (nan+) at monochromatic photoionization based 
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Calculation of electron concentration provided by photoionization of aerosols log p (electron 
number density in cm7~%, flux p in cm7? s71, aerosol number density na in cm~3). 
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on Equation 11.1.12 is presented in Figure 11.1. In this chart, it is 
assumed that a/y = 10°cm/s. Chart (Equation 11.1.11) also shows 
the relative accuracy of the calculations based on Equation 11.1.12. It 
is presented in the form of simple relative accuracy n = Ane/Ne, as 
well as in a form of relative accuracy of calculations of In ne: 


Ane 


a —___—__, 11.1.13 
2.3ne log ne ( ) 


nı 


11.1.5 Photoionization of Aerosols by Continuous Spectrum Radiation 


Generalization of the relations for particles density distribution over charges 
ni (Equation 11.1.6) for a continuous spectrum is 


Ypini = Ae. (11.1.14) 


In this case, p; is the flux density of photons with energy sufficient for the 
(n + 1)th photoionization. Using the energy distribution of photons in the 
form: £i = pi/po, (0 = 1), the concentration of macro-particles with charge 
ke is 


nı = No (22) 50, (11.1.15a) 
ONe 
Ypo ypo \7 

No = n1 (=) £1 = no (=) EQE1, (11.1.15b) 
Ne Ne 
ypo kk-1 

ng = no (2) II gj. (11.1.15c) 


These relations can be applied for k < 0 as well. In this case the product 
Eo &i implies nes? (1/€_j). Taking into account electro-neutrality and the 
material balance of the aerosol system, Equation 11.1.15 leads to a generaliza- 
tion of Equation 11.1.8 for the case of radiation in continuous spectrum: 


te he ee IG 


oo = kaise, 
Ma 2n- Mk yas qh Lizo Ši 


(11.1.16) 


The go factor for the nonmonochromatic radiation is defined as: qo = ypo/ane. 


11.1.6 Photoionization of Aerosols by Radiation with Exponential Spectrum 


Equation 11.1.16 cannot be analytically solved, but it can be simplified 
assuming an exponential behavior of the photon energy distribution: 
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p(E) = pexp(—8E). Such a distribution is valid for the tail of the thermal 
radiation spectrum. Parameters of the photon flux po and £; relevant to the 
photoionization are 


OO 
po = | p(E)dE = É exp(—S¢0), (11.1.17) 
0 
paha r (Ed E = exp ( 39 (11.1.18) 
“po pa TEPA iea)! i 


Substituting p and & from Equations 11.1.17 and 11.1.18 into Equation 
11.1.16 and assuming n- —> —oo, rewrite Equation 11.1.16 as 


Ne — E2 kqi exp(—Mkk — 1)/2)) 


= Soe , (11.1.19) 
na ye 9g eXP(—MK(k — 1)/2)) 


where x = e? /4neora. This equation can be solved and the electron density 
provided by the nonmonochromatic radiation can be expressed using the 
elliptical functions (Sayasov, 1958): 


Ne p d 
—= —— ; 11.1.2 
ma tsz Jy In 03(y, p) ( 0) 


03(y, p) is the elliptical 0 function of two variables y = 1/A In qo + 1/2, p = 
2n/d. If p > 1, Equation 11.1.20 can be simplified, and the relation for electron 
concentration can be given as 


Ne 1 1 
— > =] = 11.1.21 
m ye +5 ( ) 


In the opposite extreme of p < 1, the asymptotic expression for the elliptical 
function gives 


Ne — 40 


na 1+4o 


(11.1.22) 


11.1.7 Kinetics of Establishment of the Steady-State Aerosol 
Photoionization Degree 


Non-steady-state evolution of the electron density due to photoionization of 
aerosols follows the equation: 


dn = 
a =y > pini — ane(na — nn). (11.1.23) 


i=n— 
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The electron attachment is effective for all macro-particles, but those 
with the minimal charge n_. The simple case of monochromatic radia- 
tion permits assuming that the photon flux pj =p for n- <i<n,-1, 
and pi = 0 outside of this aerosol charge interval. Then, Equation 11.1.23 
becomes: 

dne 


Te yp(Na — Mn+) — Ane (Na — Ny_). (11.1.24) 


This equation cannot be solved because it requires analysis of the evolution 
of partial concentration of macro-particles with all possible charges n- <i < 
n4. However, the characteristic time for establishing steady-state electron 
concentrations can be found for the extreme cases of low and high photon 
flux densities. At relatively low photon flux densities p « ana/y, as it was 
discussed above: q © 1. In this case, one can conclude that ny_, Mn+ & Ma. 
Solution of the kinetic equation 11.1.24 is 


ne(t) = Pi — exp(—anat)]. (11.1.25) 


The characteristic time establishing the steady-state electron density for the 
low photon flux is 


1 


t= ; 
Na 


(11.1.26) 


In the opposite case of high photon flux densities p >> anagn+/y, most 
of macro-particles have the same maximum electric charge: Zae = n+e. 
While the aerosol particles gain this charge, the ionization process obvi- 
ously slows down. Assuming that for each particle in this case dZ,/dt ~ yp 
(Za < n+), the characteristic time for establishing the steady-state electron 
density is 


Pe (11.1.27) 


Equations 11.1.26 and 11.1.27 can be generalized for the photoionization 
time at any photon fluxes: 


ee sees (11.1.28) 
Anan+ + yp 


At low and high photon fluxes, this formula corresponds to the asymptotes 
(Equations 11.1.26 and 11.1.27). 
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| 
11.2 Thermal Ionization of Aerosols 
11.2.1 General Aspects of Thermal lonization of Aerosol Particles 


The energy necessary for ionization of macro-particles is related to their work 
function, which is usually lower than the ionization potential of atoms and 
molecules. Assuming that the ionization potentials determine the exponential 
growth of ionization rate with temperature, one can conclude that thermal 
ionization of aerosol particles can be very effective and provide high electron 
density and conductivity at relatively low temperatures. Thermal ioniza- 
tion of aerosol particles was applied to increase the electron concentration 
and conductivity in magneto-hydrodynamic (MHD) generators (Kirillin and 
Sheindlin, 1971). The conductivity increase in this case is more significant 
with respect to the alternative approach of using alkaline metal additives. 
The effect of thermal macro-particles ionization plays a special role in rocket 
engine torches (Musin, 1971). Absorption and reflection of radio waves by 
the plasma of rocket engine torches affects and complicates control of the 
rocket trajectory. Electron density in the flame plasma can be abnormally 
high because of thermal ionization of macro-particles (see Shuler and Weber, 
1954; Einbinder, 1957; Arshinov and Musin 1958a,b, 1959, 1962; Samuilov, 
1966a,b,c, 1967, 1968, 1973). 


11.2.2 Photo-Heating of Aerosol Particles 


To analyze the thermal ionization of aerosol particles provided by their photo- 
heating, calculate the photo-heating of aerosols. Consider the heating of 
particles by a monochromatic radiation flux pE, assuming that the photon 
energy E = hw is not sufficient for direct ionization. The energy balance for 
the temperature T of aerosols particles can be expressed as 


er ae = pEnr? + 4nr2% es oT *4nr°. (11.2.1) 
3 ot Ər frr 
Here, c, p, ra are specific heat, density, and radius of aerosol particles; ^ is the 
gas conduction coefficient; o is the Stephan—Boltzmann coefficient. In terms 
of the quasi-steady-state heat transfer coefficient a from the macro-particle 
surface, the energy balance equation 11.2.1 can be rewritten as 


1 T 1 
zrazy = JPE -aT — Too) oT, (11.2.2) 


where Tœ is the ambient temperature. The steady-state temperature of 
aerosols can be expressed as 


Cora 


E 4 E\+* 
Tiata k = ae ee (r. 4 FE) <1, (11.2.3a) 
a p a 
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The case of y < 1 corresponds to conductive cooling of the macro-particles, 
while y > 1 corresponds to a radiative cooling. The dependence of the 
steady-state aerosol temperature on the logarithm of radiation power flux 
log (pE,W/cm?) and logarithm of the macro-particles radius log (racm) is 
presented in Figure 11.2. This dependence is related to photo heating of 
aerosols in air, assuming the Nusselt number Nu = 2ara/ — 2. The cooling 
mode separation line y = 1 is also shown in Figure 11.2. 


11.2.3 Ionization of Aerosol Particles due to Their Photo-Heating, the 
Einbinder Formula 


If the energy of the photons is insufficient for the photo-effect, the ionization 
of macro-particles is mostly provided by the thermal ionization mechanism. 
Assume that the average distance between macro-particles greatly exceeds 
their radius: nar? <1 (na is the concentration of aerosols). If the average 
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charge of a macro-particle is less than the elementary one (ne < na), the 
electron density can be found as 


i = /2 pets 
Ne = K(T) = Onh (2nmT)°'* exp ( T ) ; (11.2.4) 
A more interesting case corresponds to the average macro-particle charge 
exceeding the elementary one, and therefore to the electron density exceeding 
that of the aerosols. In this case, (Ne/Ma >> 1/2) and the electron density can 
be found from the Einbinder formula (Einbinder, 1957; Arshinov and Musin, 
1958a,b), taking into account the work function dependence on the macro- 
particle charge: 
Ne _ A4neoral In K(T) 4 1 
Na e2 ne 2 


(11.2.5) 


For numerical calculation of the electron density in the typical range of 
parameters: na % 10*-108cm~? with work functions about 3eV, Equations 
11.2.4 and 11.2.5 become: 


A 
ne = 5 x 10?4cm~3 exp (-2), if T <1000K, (11.2.6) 


AnegraT A 
atl (20 F) if T > 1000K. (11.2.6b) 


These relations describing thermal ionization of aerosol particles imply 
thermodynamic quasi-equilibrium and, hence, equality of temperatures of 
macro-particles Ta, electrons Te, and neutrals. However, in the case of rela- 
tively large distances between macro-particles nar? « 1, which occurs in the 
photo heating, aerosol temperatures can exceed that of neutral gas. Electron 
temperatures are determined not only by the macro-particle temperature, 
but also by the energy transfer to relatively cold gas, and by possible direct 
radiative heating. As a result of these processes, Te #4 Ta. The nonequilib- 
rium effects influence the electron density provided by thermal ionization 
and should be taken into account. To take these nonequilibrium effects into 
account, note that K(T) in Equation 11.2.4 corresponds to the electron con- 
centration near the surface. Then the Boltzmann electron energy distribution 
function permits generalizing the Einbinder formula to the nonequilibrium 
case of Te Æ Ta (Fridman, 1976a,b): 


Me _ Aneoral'e In K(Ta) g > 


11.2.7 
Na e2 Ne ( ) 


This formula can be expressed in the form similar to the quasi-equilibrium 
relation (Equation 11.2.6b): 


AneoraT. A 
ne = na — xare (2 2), (11.2.8) 
e Ta 
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but distinguishing the temperature values of aerosol particles and elec- 
tron gas. 


11.2.4 Space Distribution of Electrons around a Thermally lonized 
Macro-Particle: Case of High Aerosol Concentration 


The Einbinder formula assumes that electrons move from the macro-particle 
surface at a distance much exceeding their radius ra, and for this reason can- 
not be applied at high aerosol concentrations nar? ~ 1. The space distribution 
of electrons around thermally ionized macro-particles can be qualitatively 
modeled as the one-dimensional (1D) space distribution ne(x) of electrons 
between two plane cathodes heated to the high temperature T. Combin- 
ing the Boltzmann distribution function of the thermally emitted electrons 
Ne(x) = K(T) exp[eg(x)/T] with the Poisson’s equation gives in this case the 
differential equation for the electric potential ¢(x) distribution: 
2 
= +bexpy =0. (11.2.9) 
Here: y = e~(x)/T characterizes the potential distribution; parameter b = 
e*K(T)/eoT is related to the electron concentration K(T) near the macro- 
particle (cathode) surface, which can be found from Equation 11.2.4. The 
second-order differential equation 11.2.9 can be simplified to a first order 


one: 
= = —,/2|b|(C1 + expy). (11.2.10) 


The constant C4 can be found from the boundary conditions on the cath- 
ode: ọ = 0, expy = 1, y'| = eEo/T, where Eg = 1/2eọñeea is the electric field 
near the cathode, ñe is the average electron concentration, a is the distance 
between cathodes. The boundary conditions determine the relation between 
the constant C; and the electric field energy density: 


14C,)= =a. (11.2.11) 


Taking into account the symmetry of potential distribution between cath- 
odes, one can conclude that Cy < 0 and a < 1. This means that according to 
Equation 11.2.11, the thermal energy density of electrons near cathode exceeds 
the density of the electric field energy. Solution of Equation 11.2.10 gives the 
electric potential, and hence, the electron density distribution between two 
cathodes (Karachevtsev and Fridman, 1977): 


KT) —a) 


fl-ax 
2 
cos? ( 7 x) 


D 


ne(x) = 


(11.2.12) 
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In this relation, K (T) is the electron density on the cathode surface (Equation 
11.2.4); coordinate x = 0 is assumed in the center of the inter-electrode gap; 
r2, = Ve0T /K(T)e? is the Debye radius corresponding to the electron density 
near the surface. The boundary conditions on the cathodes ne(x = a/2) = K(T) 
permits finding the electric field energy density parameter a: 


sees? (jee ey (11.2.13) 
2 2 


If p < a, the electron density distribution ne(x) is nonuniform, most of elec- 
trons are located in the close vicinity of a macro-particle. The energy density 
parameter a in this case is 


ro : r 4 
a © 1—4n? (2) + 32n? (2) j (11.2.14) 
a a 


which leads to the expression for the average electron concentration between 
cathodes (aerosol particles): 


K(T)-T 0 
E E T D: (11.2.15) 
a2e2 a 


The electric field distribution between the cathodes can be found based 
on the distribution of electron density Equation 11.2.12 and the Boltzmann 
distribution: 


T T= 
E(x) = + v2(1 — a) tan ( 5 > z) (11.2.16) 
erp rD 


From Equation 11.2.16, the electric field is equal to zero in the middle of 
the inter-cathode interval, and has a maximum value on the cathode surface. 
Characteristics of the electron density and electric field distributions Equa- 
tions 11.2.12, 11.2.15, and 11.2.16 can be generalized, for the compact aerosol 
particles (nar x 1), assuming ra © a. The electron density distribution Equa- 
tion 11.2.12 in the macro-particle corresponds to the Langmuir relation for the 
electron density near a plane cathode (Langmuir, 1961): 


KT) 


Ne(Z) = (11.2.17) 


2 
Z 
1+ —— 
sr} 


z is distance from the plane cathode, and K(T) is the electron density near 
the cathode (Equation 11.2.4). 
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11.2.5 Space Distribution of Electrons around a Thermally lonized 
Macro-Particle: Case of Low Concentration of Aerosol Particles 


The case of relatively low aerosol concentration nar? < 1 is the most typi- 
cal one in plasma chemistry. In this case, distances between aerosol particles 
exceed their radius, and description of the electron density and electric field 
space distributions requires consideration of a lone macro-particle. Com- 
bining the Poisson equation with the Boltzmann distribution leads to the 
following equation for electric potential g(r) around a spherical thermally 
ionized aerosol particle: 


do 2dọ e ep 
ata ap Oe (=). (11.2.18) 


This equation has no solution in elementary functions; a detailed numer- 
ical analysis was made by Samuilov (1973). To analyze Equation 11.2.18 it 
is convenient to rewrite it with respect to electron concentration, taking into 
account the Boltzmann distribution: 


d [r? dne e g 
ay (= a = Nel. (11.2.19) 


For the spherical symmetry, the Boltzmann relation ne(x) = K(T) exp 
[ep(x)/T] becomes 
dọ T 1 dne 


Pee E (11.2.20) 


Boundary condition for Equation 11.2.19: dne/dr(r = ray) = 0, where ray © 
na !° is the average distance between aerosol particles. Integrate the right- 


hand and left-hand sides of Equation 11.2.19 to obtain: 


N(r) = | ne(r)4nr?dr = 


r 


AnegTr? 1 dne(r) 
e ne(r) dr 


(11.2.21) 


Here N (r) is number of electrons located in the radius interval from r (r > ra) 
to ray. Combining Equations 11.2.21 and 11.2.20 gives: 


E(r) 


M= an 


(11.2.22) 

In the close vicinity of a macro-particle (z = r — ra < ra), electron density 
distribution is expressed using the Langmuir relation (Equation 11.2.17). Then 
the total charge of an aerosol particle can be calculated based on Equation 


10.2.21 as 
AnegraT 
Ze Ngg = (3) (11.2.23) 


2 0 
e rD 
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Integrating the Langmuir relation (Equation 11.2.17), one finds that most of 
the electrons are located in a thin layer about r} < ra around the macro- 
particle. These electrons are confined in the Debye layer by the strong 
electric field of the aerosol particle. This electric field can be expressed from 
Equation 11.2.21 as 


Er) = (11.2.24) 


11.2.6 Number of Electrons Participating in Electrical Conductivity of 
Thermally lonized Aerosols 


Because thermally ionized aerosol particles have high values of the inherent 
electric field (Equation 11.2.24) when their charge Za is sufficiently high, the 
electrical conductivity of such aerosol system at nar? « 1 depends on the 
value of external electric field Ee. This phenomenon occurs because at higher 
external electric fields, more electrons can be released from being trapped by 
the inherent electric field of a macro-particle. The electrical conductivity of 
the free space between macro-particles is 


o0 = enabN (re), (11.2.25) 


where b is the electron mobility in heterogeneous medium, and N(re) = 
dee ne(r)4nr?dr determines how many electrons participate in the electrical 
conductivity in the external electric field Ee with respect to one macro-particle. 
If the external electric field is relatively low, the concentration of electrons 
ng participating in electrical conductivity can be found from the Einbinder 
formula: 
* 
Nra) =_2 = ete fe SS (11.2.26) 
Na e né 


This expression for N (re1) with Equations 11.2.22 and 11.2.24 permits speci- 
fying a virtual sphere of radius re, around a macro-particle. Electrons located 
outside of this sphere are “not trapped” by the inherent electric field of the 
aerosol particle, and provide the Einbinder electron density (Equation 11.2.5): 


1 K(T 


* 
Ne 


fel —Ta © faln“ < Ta. (11.2.27) 


The next relation expresses the electric field of a macro-particle on the virtual 
sphere of radius re: 


T K(T) 
E(ret) = Fe In ne 
a e 


(11.2.28) 
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If the external electric field is less than the critical value determined by 
Equation 11.2.28: Ee < E(re1), then the “free” electron concentration follows 
the Einbinder formula and does not depend on the value of the external elec- 
tric field. As a consequence, the electrical conductivity of aerosols also does 
not depend on the external electric field in this case. When the external elec- 
tric field exceeds the critical value, the number of electrons per macro-particle 
able to participate in the electrical conductivity N(re) becomes dependent on 
the external electric field. To find this dependence, assume that only elec- 
trons not trapped in the vicinity of the surface by the inherent electric field 
of a macro-particle (E(r) < Ee) can participate in the electric conductivity. 
The electric field of a macro-particle E(r) decreases with the radius r(distance 
from the center of a macro-particle). Therefore if E(re) > E(re1), then taking 
into account Equation 11.2.27, one can conclude that re — ra < ra. In this case, 
based on Equation 11.2.22, the number of electrons N (re) (per macro-particle) 
participating in the electrical conductivity in the external electric fields in the 
interval E(re1) < Ee < E(ra): 


2 
N (re) = Ln (11.2.29) 
Here E(ra) is the maximum value of the inherent electric field of a macro- 
particle, which is obviously realized on its surface (see Equation 11.2.24). If 
the external electric field exceeds the maximum value of the inherent electric 
field Ee > E(ra), then all thermally emitted electrons are able to participate in 
the electrical conductivity N (re) = N (ra) (see Equation 11.2.23). 


11.2.7 Electrical Conductivity of Thermally lonized Aerosols as a Function 
of External Electric Field 


Combining the expressions for the number of electrons participating in elec- 
trical conductivity N(re), Equations 11.2.26, 11.2.29, and 11.2.23, together 
with Equation 11.2.25 gives the dependence of electrical conductivity of the 
thermally ionized aerosols on the external electric field: 


4neoraT T 
oo = — oe (3) na if Bees (11.2.30a) 
e rD erp 
K(T T 
oo =4neoEer2nab if T ess Ee < —, (11.2.30b) 
efa nš erp 
4neoraT (. K(T K(T 
oo = — (in ( 2) maeb if Eo < in D (11.2.30c) 
e nš Ta é 


From Equation 11.2.30, the electrical conductivity of aerosols begins de- 
pending on the external electric field explicitly when Ee >T/era lIn K(T)/ng. 
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It means that the external electric field should be greater than 200 V/cm, if 
T = 1700 K, ra = 10 um, Ao = 3 eV. Maximum number of electrons participate 
in electrical conductivity if Ee > T jerd, which indicates the same parameters 
above 1000 V/cm. To calculate the total electrical conductivity of the hetero- 
geneous medium, one must also take into account the conductivity oa of the 


macro-particle material (Mezdrikov, 1968): 


4 = 
eds (1 Sarar e), (11.2.31) 


11.3 Electric Breakdown of Aerosols 
11.3.1 Influence of Macro-Particles on Electric Breakdown Conditions 


Macro-particles can be present in a discharge gap for different reasons, for 
example, air impurities or detachment of micro-pikes from the electrode sur- 
face (Berger, 1975; Crichton and Lee, 1975). Also aerosol particles can be 
injected into a discharge gap to increase its breakdown resistance, or con- 
versely to initiate the breakdown (Slivkov, 1966). Three major physical factors 
determine the decrease of the breakdown resistance due to macro-particles 
in a discharge gap (Cookson and Farish (1972); Berger, 1974; Cookson and 
Wotton, 1974): 


e Moving macro-particles are somewhat similar to electrode surface 
irregularities and induce local intensification of electric field, which 
stimulates breakdown. 


e When a macro-particle approaches the electrode surface, its electric 
potential changes quickly. The macro-particle collision with the sur- 
face leads to a local change of the electric field structure, and also to 
possible local intensification of the electric field. 


e Decrease of the breakdown resistance also occurs due to micro- 
breakdowns between macro-particles and between macro-particles 
and electrodes. 


These factors are able to decrease the breakdown voltage at atmospheric pres- 
sure air by a factor of two if the size of the aerosol particles is rather large, 
up to 1mm (Slivkov, 1966). Details regarding experimental and theoretical 
consideration of this effect in different heterogeneous discharge systems can 
be found in Raizer (1972a,b) and Bunkin and Savransky (1973). However, 
in many cases, admixture of the aerosols leads not to a decrease, but to an 
increase of the breakdown resistance and breakdown voltage (see for exam- 
ple, Stengach, 1972, 1975; Walker, 1974). This effect is mostly due to intense 
attachment of electrons to the surface of aerosol particles. Taking into account 
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special practical importance of this effect, it will be considered in more detail 
below (Karachevtsev and Fridman, 1976). 


11.3.2 General Equations of Electric Breakdown in Aerosols 


Neglecting the nonuniformity effects discussed in the previous section, 
the kinetic equations describing the evolution of electron and positive ion 
densities in the aerosol system can be given: 


dn 
T = Ane + Bni, (11.3.1a) 
dni 
ar = Cne — Dni. (11.3.1b) 


The effective frequencies A, B, C, D describing the breakdown of the aerosol 
system are 


e e De vi 
A=w4- boa- ay tK— a, (11.3.2a) 
j vi 
B = YiadiaU'na + Viw (11.3.2b) 
C = kino, (11.3.2c) 
D; vi 
D = kafa + B+" (11.3.2d) 
K = Ypauvno + Ypwu (1 — v)no. (11.3.2e) 


Here, no,na are concentrations of neutral gas and aerosol particles; 
vy, w, v4, V° are thermal and drift (with subscript “d”) velocities of electrons 
(superscript “e”) and ions (superscript “i”); a,ß are the first and second 
Townsend coefficients (see Sections 4.4.1 and 4.4.3), which determine the for- 
mation and attachment of electrons per unit length along the electric field 
during the electron drift; De, Dj are the diffusion coefficients of electrons and 
ions (which are free or ambipolar); d is the size of a discharge gap; dja is the 
cross section of ion collisions with the aerosol particles; Yia, Ypa, Ypw, Yiw are 
probabilities of an electron formation in an ion collision with a macro-particle, 
photon interaction with a macro-particle, photon interaction with a wall and 
ion collision with a wall; 1 is the rate coefficient of a photon formation cal- 
culated with respect to an electron-neutral collision; v is the probability for 
a photon to reach an aerosol particle; ki is the rate coefficient of neutral gas 
ionization by electron impact; ka is the rate coefficient of ion losses related to 
collisions with aerosol particles. In the system (Equation 11.3.1), formation of 
electrons is due to: neutral gas ionization, secondary electron emission from 
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the surface of macro-particles, ion collisions with aerosols, photoemission 
from macro-particles, and discharge walls are taken into account. Electron 
losses are due to attachment to gas molecules and macro-particles plus dif- 
fusion, and drift along the electric field. Ions are formed in electron—neutral 
collisions, and their losses are due to collisions with macro-particles and the 
discharge walls. Because of relatively low concentration of the charged parti- 
cles, their volume recombination can be neglected. Solution of Equation 11.3.1 
for the electron concentration ne with the initial conditions: ne(t = 0) = ne and 
ni(t = 0) = n? can be given as 


(An? + Bn?) — ron? 
M1 — da 


rand — (An? + Bn?) 
Ay — A2 


Ne(t) = expt) + exp(2!). 


(11.3.3) 


Here 1,2 are solutions of the characteristic equation related to the system 
(Equation 11.3.1): 


A-D+V/(A4+D)2 +4BC 


2 


M2= (11.3.4) 


11.3.3 Aerosol System Parameters Related to Its Breakdown 


To apply Equation 11.3.3 for specific types of electric breakdown, consider first 

the main parameters of aerosol system related to the relation (Equation 11.3.2). 

The mean-free-paths of electrons with respect to all collisions, collisions with 

neutrals, and collisions with macro-particles can be respectively expressed as 
1 1 


1 
z= —————,, ho= ; N= ; (11.3.5) 
Noego + Naa NQOe0 Naa 


where oeo, 0a are cross sections of collisions of electrons with neutral species 
and macro-particles. Then write down the expressions for electron tempera- 
ture Te, thermal and drift velocities of electrons v? and vé, electron diffusion 
coefficient De, the first and second Townsend coefficients a, in aerosol 
systems, using the corresponding values of re, Vo Vao” Ds ao, Bo for the neu- 
tral gas in the same conditions but without macro-particles. The electron 
temperature in the aerosol system is 


eE 1 82 =I 
Te = = 11.3.6 
~~ 81/0 + 82/da aw =| ( ) 


Here, 8; and 8 are the fraction of electron energy lost in collision with a 
molecule or macro-particle. Similarly, the electron thermal velocity in aerosol 
can be expressed based on Equation 11.3.6 as 


2E IE amh 
ee 2 qm ; (11.3.7) 
m(81/o + 82/ra) vo 2aeE 
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The diffusion coefficient of electrons can be written using the parameter 
§ = naa /N00e0 aS 


N XE D? 3oT0\ 7 
ib eee EEEN fy R . (11.3.8) 
3 V m(81/r40 + 82/rAa) 1+4 eEXa 


The electron drift velocity in aerosols can be presented as 


1/2 
E (My B)\ ote (ye (11.3.9) 
a= À ko hake EEE CEha} ` i 


The relations for thermal velocity, drift velocity and diffusion coefficient 
for positive ions are similar to those for electrons (Equations 11.3.7 through 
11.3.9). The first Townsend coefficient shows ionization per unit length of 
electron drift, and in the aerosol system can be expressed as 


i en) Cn) 
a= ex 
x (81/0 + 82/a) LO 2 Te ha P Te 


2 ee. 1 fi 
= : E IE POP ( a ) ; (11.3.10) 
rE oal 2 TO a Te 


Here, l; is the ionization potential; I, is the electron energy when the sec- 
ondary electron emission coefficient from macro-particle reaches unity. The 
second Townsend coefficient describing electron attachment to molecules and 
aerosol particles can be presented similar to Equation 10.3.10 as 


2 | L j 
B = x w + w 
Av (81/d0 + 82/ra) ho ha 
2 E eE i 1 | 


5 11.3.11 
EEr | 2 E e ( ) 


where w?, w? are the electron attachment probabilities in a collision with a 


molecule or macro-particle. 


11.3.4 Pulse Breakdown of Aerosols 


Assume v§t < d, d <ct, dy < d (Raether, 1964; t is the voltage pulse dura- 
tion, c is the speed of light in the aerosol medium). Considering the pulse 
breakdown, neglect in Equation 11.3.2 the terms related to diffusive and drift 
losses, assuming 1/d — 0. Also assume that the contribution of ion-macro- 
particle collisions in electron balance in relatively low: B < (A+ D)?/C. 
Taking into account the pulse breakdown criterion (Raether, 1964): 

Ne(t = t) = np = 108 x n? (11.3.12) 


e7 
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the pulse breakdown condition in aerosol system based on Equation 11.3.3 
can be given in the form: 


In% + BE 
m E (11.3.13) 
+ 


A+D 
This pulse breakdown condition can be specified based on Equation 11.3.2. 
It then permits estimating the maximum possible increase of the pulse break- 
down voltage, related to electron attachment to aerosol particles, by assuming 
the attachment probability as w* = 1 — exp(—Ia/Te). The maximum break- 
down voltage increase can be calculated using the relation (Karachevtsev 
and Fridman, 1976): 


Ia ) b 
2ex =]-—1  eEńọln ~ 
agoroeE P ( è 0 no ST? a 3 14) 
are ha 2T9v$ oT CEXa ae 


If t = 10ns, p = 10 Torr, d = 10cm, Ia = 100eV, 82 = 1, the pulse break- 
down voltage in nitrogen without aerosol particles is Eọ ~ 2kV/cm (E = 
0). Addition of aerosol characterized by £ = naoa/Nooe9 = 0.1, increases the 
breakdown voltage by factor of about 1.2 (20%). 


11.3.5 Breakdown of Aerosols in High-Frequency Electromagnetic Fields 
The electrical breakdown conditions of aerosols in accordance with Equation 
11.3.3 correspond to max(d1, 42) = 0: 

AD + BC =0. (11.3.15) 


In the case of breakdown in high frequency electromagnetic fields (where 
drift losses can be neglected), the general condition (Equation 11.3.15) can be 
given (Karachevtsev and Fridman, 1976) as 


1 vi kino K 
a=ß+ Por ee ae YiaOiaa -z D. z: 
d? (3 + 2) Va (kana + 2) va 


(11.3.16) 


The electric field in this and the following relations should be taken as 
an effective one (see Equation 4.2.30), taking into account the high fre- 
quency of the electromagnetic field. Similar to Equation 11.3.14, the maximum 
breakdown voltage increase due to electron attachment by aerosol particle is 


eE č Ż L ik 
ho— — |2 1| = g 11.3.17 
ols =| op ( E) | PA+6) Sie 
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Consider an example assuming 11.3.4: p = 10 Torr, d = 10cm, Ia = 100 eV, 
82 = 1. The addition of aerosol particles, characterized by & = naoa/Nooe9 = 
0.1 in nitrogen, gives a possibility to increase the breakdown voltage by factor 
of about 1.3 (30%) with respect to the same system without macro-particles 
(& = 0). The breakdown of aerosols in radio frequency and microwave elec- 
tromagnetic fields is quite sensitive to the macro-particle heating in these 
fields. These heating effects are related not only to thermal emission (see Sec- 
tion 11.3.2), but also to evaporation and thermal explosion of macro-particles, 
which affects the breakdown conditions (Raizer, 1972a,b). 


11.3.6 Townsend Breakdown of Aerosols 


The Townsend breakdown of aerosols can be described by the relation similar 
to that for pure gas: 


al 
but with Townsend coefficients a and 6 calculated according to Equations 
11.3.10 and 11.3.11, taking into account all effects related to macro-particles. 
The third Townsend coefficient Yer is equal to the total number of generated 
secondary electrons with respect to one ion formed in the volume. In this case, 
the coefficient Vers is an effective value and should take into account interaction 
of ions and photons not only with the cathode, but also with aerosol particles. 
The probability for an ion formed in the volume to reach the cathode without 
being trapped by aerosol particles can be estimated as 


Yeff {exp B)d -—1+4+ = exp(a — B)d — J} =i (11.3.18) 


i 
w = exp (rona) i (11.3.19) 
Va 


Then the third Townsend coefficient yețf can be calculated by the cumulative 
relation: 


vi vi 
Yeff = Yiw exp aa + Yia | 1 — exp PRE 


1 (1 — v) pv 
ki Go 


+ Ypw (11.3.20) 

To estimate the maximum increase of the Townsend breakdown voltage 
due to the electron attachment by macro-particles similar to Equation 11.3.14 
one can use the equation: 


2d aoħoeE  2exp(—Ia/Te) —1 vi 
0 0 = Nadiad — —In Yia- 
hy (CE/T? + 89/ha) | 2T? Na 2v 
(11.3.21) 
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The Townsend breakdown voltage of nitrogen at 10 Torr with tantalum 
electrodes (d = 1cm) can have 10% increase by adding particles with § = 
NaOa/NQoeg = 0.1, 82 = 1, Ia = 100 eV. 


11.3.7 Effect of Macro-Particles on Vacuum Breakdown 


In the above examples, the relatively low addition of macro-particles £ = 
NaOa/Nooed < 1 was assumed when electron collisions with molecules are 
more often than those with aerosol particles. As was shown in the numer- 
ical examples of Sections 11.3.4 through 11.3.6, the maximum increase of the 
breakdown voltage related to electron attachment to macro-particles, is about 
10-30%. Although this effect is not very strong at low aerosol concentration 
& = Nada/Nooed < 1, it is of interest for different applications, in particular for 
electric filters (Uzhov, 1967). Much larger increases of breakdown voltage can 
be reached when £ = 1a0,4/N90e9 > 1 and most electrons collisions are related 
to aerosol particles. In this case, the breakdown conditions actually do not 
depend on the gas characteristics, so such a breakdown can be interpreted as 
the vacuum values. Thus, the pulse breakdown conditions in aerosols at £ >> 1 
and d > 1/22, In np/n? can be expressed from Equations 11.3.2 and 11.3.3 as 


Ta ha | 2m np 
2 1= l ; 11.3.22 
re ( =) 2t\ eEda D n? ( ) 


In the specific case of d > tVTa/2m > ra ln np/ nd, the most physically clear 
pulse breakdown condition can be obtained from Equation 1.3.22: 


E= fa : 
eħaln2 


(11.3.23) 


According to Equation 11.3.23, if Ia=100eV, na =10’cm™3, oa = 
107fcm?, d = 10cm, t = 10ns, p = 0.1 Torr, the pulse breakdown electric 
field should be numerically equal to E = 1000 V/cm. The breakdown of rela- 
tively dense aerosols (& >> 1) in the high frequency electromagnetic fields can 
be described by the simplified relation of Equation 11.3.17 as 


2 h 1= a (11.3.24) 
exp CE)a = az OO. 


The effective breakdown electric field (see Equation 4.2.30) in the radio 
frequency or microwave range can be found from Equation 11.3.24 as 


Ia 
Cha In[2/( + 42/d2)] 


En (11.3.25) 


Discharges in Aerosols, Dusty Plasmas, and Liquids 761 


This solution for the breakdown in high frequency electromagnetic field cor- 
responds to the similar condition (Equation 11.3.23) for the pulse breakdown, 
if 2 < g’. 


11.3.8 About Initiation of Electric Breakdown in Aerosols 


Aerosol particles can be applied to increase a discharge gap resistance to elec- 
tric breakdown. At the same time, the presence of macro-particles provides 
controlled initiation of breakdown, in particular by pulsed photoionization 
(Slivkov, 1966; Karachevtsev and Fridman, 1979). Photoionization of aerosols 
(see Section 11.3.1) can be applied for initiation (commutation) of the pulsed 
nanosecond breakdown, as well as for initiation of the breakdown in a 
constant electric field. In the case of pulsed nanosecond breakdown, the 
photo-initiation is provided by fast generation of the necessary initial electron 
concentration n? due to photoionization. In the case of breakdown in constant 
electric field, the initiation effect is related to the induced local nonuniformi- 
ties of electric field. Electrons formed during the photoionization move from 
the discharge gap to cathode, leaving the charged macro-particles in the gap. 
Positive space charge of the macro-particles provides the nonuniformity of 
electric field, which results in the breakdown initiation. 


11.4 Steady-State DC Electric Discharge in Heterogeneous 
Medium 


11.4.1 Two Regimes of Steady-State Discharges in Heterogeneous Medium 


Consider the steady-state DC discharge in a heterogeneous medium neglect- 
ing the effects of thermionic and field emission from the surface of macro- 
particles. The main mechanisms of electrons formation in this case are 
ionization of the gas by direct electron impact and secondary electron emis- 
sion from the aerosol particles. Electro-neutrality condition of the aerosol 
system including electrons, positive ions and macro-particles is 


Ne = ni + Zana, (11.4.1) 


where fe, Ni,Ma are concentrations of electrons, positive ions and macro- 
particles respectively, Za is the average charge of a macro-particle (in ele- 
mentary charges). If the concentration and radius of aerosol particles in the 
discharge system are relatively low, then formation of electrons is mostly 
due to neutral gas ionization. In this case, usually ne >> Zana, and accord- 
ing to Equation 11.4.1 the concentration of electrons and positive ions are 
nearly equal ne ~ ni. This regime of discharge in aerosols is referred to as 
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the quasi-neutral. Another heterogeneous discharge regime takes place if the 
macro-particles number density and sizes are sufficiently high and their ion- 
ization is through secondary electron emission. In this case, ni K Ne © Zana, 
and the heterogeneous plasma actually consists of electrons and positively 
charged macro-particles (instead of ions). This regime is usually referred 
to as the electron-aerosol plasma regime to emphasize the contrast with 
conventional electron-ion plasma. 


11.4.2 Quasi-Neutral Regime of Steady-State DC Discharge in Aerosols 


The quasi-neutral aerosol discharge ne © nj >> Zana was investigated in 
details by Musin (Konenko and Musin, 1972, 1973; Konenko et al., 1973; 
Musin, 1974). In the positive column of such a discharge, electrons forma- 
tion is mostly due to ionization of neutral species in the gas phase, while 
scattering and recombination of charged particles take place mostly on the sur- 
faces of macro-particles and discharge tube. Macro-particles in this regime are 
negatively charged, and their potential is close to the floating value. The quasi- 
neutral regime of a steady-state DC discharge in aerosols can be described by 
the following system of equations (Musin, 1974): 


2 L 
(nrn + z) d = 195e0 EXP (-4) y (11.4.2) 
e 


1 
E = lins E + (n00e0 + egei) ©? (Te), (11.4.3) 
S 


i" 
ne = S zr? T (11.4.4) 


In this system: R is the radius of discharge tube; m, M are masses of an 
electron and a positive ion; no is the gas density; Te is the electron temperature; 
I; is the ionization potential; E is the electric field; oeo, oe; are the characteristic 
cross sections of electron—neutral and electron-ion collisions corresponding 
to average electron energy; je is the electron current density; the function 
®(Te) is 


1 M\ Te 
Dat = hee +1 
Te (2+ 51n@) E+ 


(Te) = : 
Coe M T” NOOe0 + NeSei 


(11.4.5) 


ns “density of surfaces,” which represents the surface area of macro- 
particles and discharge tube walls per unit volume. In the case of long 
cylindrical discharge tube this can be expressed as 


ng = 4nr2na + (11.4.6) 


R’ 
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The system of Equations 11.4.2 through 11.4.4 shows that addition of aerosol 
particles in the discharge at the fixed value of current density leads to an essen- 
tial increase of electron temperature, while growth of electron concentration is 
relatively small. If the surface area of macro-particles is less than that of the dis- 
charge tube walls, the system of Equations 11.4.2 through 11.4.4 corresponds 
to the Langmuir—Klarfeld theory (Langmuir and Tonks, 1929; Klarfeld, 1940). 
Equation 11.4.2 shows that an increase of the surface area density ng leads to 
a logarithmic increase of electron temperature. If macro-particles make the 
major contribution to the total surface area 2/R « Anr?na, this dependence 
can be presented as 


Tani ee, (11.4.7) 
Na 


where Ma cr is the critical value of aerosol concentration when the electron 
temperature tends to infinity Te —> oo. The considered quasi-neutral regime 
can exist only at relatively low aerosol density: 


Seo /M 
Na < Nasr = no aN a (11.4.8) 
a 


11.4.3 Electron-Aerosol Plasma Regime of the Steady-State DC Discharge, 
Main Equations Relating Electric Field, Electron Concentration, 
and Current Density 


At particle concentrations exceeding this critical value (Equation 11.4.8), an 
additional ionization mechanism is required to compensate the electron losses 
on the macro-particles. This becomes possible in the electron—aerosol plasma 
regime, where additional formation of electrons is related to the secondary 
electron emission from the macro-particles (Karachevtsev and Fridman, 1979). 
Consider this regime of predominant ionization of aerosols ni < Ne © Zana 
and relatively low gas concentration. Because the mass of macro-particles is 
relatively high, the ambipolar diffusion to the discharge walls can be neglected 
and, therefore, the steady-state balance of charged processes should be given 
by volume processes. This means that the total coefficient of the secondary 
electron-electron emission from the surface of macro-particles should be 
equal to unity, if thermionic and field emissions of electrons are neglected. 
The total coefficient 5 of the secondary electron—electron emission from aerosol 
particles depends on their work function (Za) that is related to the macro- 
particle charge according to Equation 11.1.1, and average energy £ © eEħa of 
electrons bombarding the macro-particles. Thus, the charged particles balance 
equation can be expressed as 


Zae? 
ò | e = eEħa, ọ(Za) = 0 + =1. (11.4.9) 
Aneora 
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This dependence permits finding the particle charge Za as a function of the 
electric field E: 


(11.4.10) 


In this relation, Ep is the breakdown electric field in the heterogeneous 
medium. The aerosol charge parameter Zo is determined as 


è 2 è 
ee (=) j= (=) , (11.4.11) 
ðE) omg, 4TEora \IP/ e—e00 


where the energy parameter £oọ = Eoħae. For calculations of Zo at the fol- 


lowing parametric values sọ = 100 eV, go = 3eV, (2) = —0.05 eV—!, 
&=£00 
(98/08) gg) = 0.01 eV7!: 


log Zo = 8 + log ra(cm). (11.4.12) 


Equation 11.4.10 can be combined with the equations for current density 
and electron concentration: 


EX 
je = nee,| so, Ne = Zama (11.4.13) 


to form the system of equations sufficient to determine the electric field and 
electron concentration in the heterogeneous discharge as a function of current 
density. 


11.4.4 Electron—Aerosol Plasma Parameters as a Function of Current 
Density 


Equations 11.4.10 and 11.4.13 permit finding the electric field and electron con- 
centration as a function of current density. This function can be determined in 
terms of the special dimensionless factor B, characterizing the current density 
in the heterogeneous discharge (Karachevtsev and Fridman, 1979): 


ko h 
pale o | e (11.4.14) 
Zonae\ € 


For numerical calculations of the current density factor B at the follow- 
ing values of parameters: eo = 100 eV, o = 3eV, (88/3 P)e=sp = —0.05 ev 
(88/9) gy, = 0.01 eV7!: 
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je(A/cm?) 


log B = 2 + pe eee 
ki Tie na(cm~?)ra (cm) 


(11.4.15) 


Thus, according to the system of Equations 11.4.10 and 11.4.13, at low cur- 
rent densities when B < 1, the electric field in the heterogeneous discharge is 
slowly growing with current density as 


E = Eo(1 + B). (11.4.16) 


Electron concentration and hence, average charge of macro-particles at low 
current densities (B < 1) grows up proportionally to je: 


Ne = naZoB, Za = ZoB. (11.4.17) 


In the case of high current densities (B > 1), the electron concentration and 
average charge of macro-particles reach the maximum values: 


ne =naZo, ZH Zo. (11.4.18) 


These saturation electron concentration and average macro-particle charge 
are larger at larger values of the aerosol particle radius (see Equation 11.4.12). 
At the same time, the electric field growth with je becomes much stronger in 
the high current regime (B > 1), which can be expressed by the relation: 


E © EoB?. (11.4.19) 


The dependence of the electric field log E — Eo/Eo and electron concentra- 
tion log ne/na on the current density log je (A/cm?) /na(cm™?) - ra(cm) in the 
electron—aerosol plasma at the above parametric values of sọ = 100 eV, go = 
3eV, (38/9) cep) = —0.05eV—!, (98/88), = 0.01eV7! are presented in 
Figure 11.3. From this figure, the dependence of the average charge of 
aerosol particles on the current density appears as a saturation curve. The 
average charge of aerosol particles of radius 10 um and concentration na = 
10°cm7 reaches its maximum value at electron current densities exceed- 
ing 10 pA/cm?. The maximum values of the average charge of the aerosol 
particles depend on their size, and can be quite large, about 10° for the 
10 jpm-macro-particles. 


11.4.5 Effect of Molecular Gas on the Electron-Aerosol Plasma 


The molecular gas effect is revealed in the kinetic equation for positive ions 
in the heterogeneous discharge system. The balance of positive ions should 
take into account their formation provided by ionization of molecules and 
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FIGURE 11.3 
Electric discharge in aerosols. (1-3) log(ne /na), (4) log[(E — E9)/E]. (1)ra = 1073 cm, (2) 1074 cm, 
(3) 1073 cm, je (A/cm?); na (em). 


their losses on the surfaces of macro-particles and discharge tube; this can be 


expressed as 
i 2T L 
"SIs — nengoeg,| © exp (-4) l (11.4.20) 
e m Te 


Here, ns is the “density of surfaces” defined by Equation 11.4.6; ne, no are the 
concentrations of electrons and neutral gas respectively; deo is the character- 
istic cross section of electron-neutral collisions; I; is the ionization potential of 
molecules; m and Te are the electron mass and temperature, respectively; jis is 
the ion current density on the surfaces of macro-particles and discharge walls, 
which can be found from the Bohm formula (see, for example, Huddlestone 


and Leonard, 1965): 
: T 
jis ~ O.5niey) = (11.4.21) 


Combining Equations 11.4.20 and 11.4.21 gives the qualitative ion balance 
equation in the form: 


| m I; 
Msi M = MNeNgOeg EXP (-#) f (11.4.22) 


Taking into account that in the electron-aerosol plasma regime, the ions 
contribution to charge balance is low nj < ne and therefore, ne © Zana, the 
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concentration of the positive ions is 


Z Ij 
aa ul exp ( i ) , (11.4.23) 
$ +4nržna\ m Te 


If most of the surface area in the heterogeneous discharge is related to the 
macro-particles (2/R « 4nrêna, R is the radius of long discharge tube), then 
the ratio of ion and electron densities is 


I 
Ma ge exp ( e). (11.4.24) 
Ne 4nråna\ m Te 


The requirement of low ion concentration at any electron temperature in 
the heterogeneous system is the main limit of the electron—aerosol plasma 
regime, which based on Equation 11.4.24 implies 


2 fm 


Amr, 
—. 11.4.25 
no X Na cao VM ( ) 


This criterion of the electron—aerosol plasma regime is opposite to that in 
Equation 11.4.8 for the quasi-neutral regime. Numerically, criterion (Equa- 
tion 11.4.25) shows that the electron—aerosol plasma regime takes place at 
na = 108cm-3, ra = 10pm, if the molecular gas concentration is less than 
107 cm~. 


11.5 Dusty Plasma Formation: Evolution of Nanoparticles 
in Plasma 


11.5.1 General Aspects of Dusty Plasma Kinetics 


Numerous problems are related to the formation and growth of molecular 
clusters, nanoscale and microscale particles in plasma. Plasma physics and 
plasma chemistry are coupled in such so-called dusty plasma systems (see 
Watanabe et al., 1988; Bouchoule, 1993, 1999; Garscadden, 1994). Applied 
aspects of the dusty plasmas are related to electronics, environment con- 
trol, powder chemistry, and metallurgy. Active research on particle formation 
and behavior has been stimulated by contamination phenomena of industrial 
plasma reactors used for etching, sputtering and PECVD. For this reason, the 
process of particle formation in low-pressure glow or RF discharges in silane 
(SiH4, or mixture SiH4—Ar) has been extensively studied (Spears et al., 1988; 
Selwyn et al., 1990; Howling et al., 1991; Jellum et al., 1991; Bouchoule et al., 
1991, 1992, 1993). Much effort has been put in dealing with the detection and 
dynamics of relatively large size (more than 10 nm) nanoparticles in silane 
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discharge. Such particles are electrostatically trapped in the plasma bulk and 
significantly affect the discharge behavior (Sommerer et al., 1991; Barnes etal., 
1992; Boeuf, 1992; Daugherty et al., 1992, 1993a,b). The most fundamentally 
interesting phenomena take place in the early phases of the process, starting 
from an initial dust-free silane discharge. During this period, small deviations 
in plasma and gas parameters (gas temperature, pressure, electron concentra- 
tion) could alter cluster growth and the subsequent discharge behavior (Bohm 
and Perrin, 1991; Perrin, 1991; Bouchoule and Boufendi, 1993). Experimen- 
tal data concerning supersmall particle growth (particle diameter as small 
as 2nm) and negative ion kinetics (up to 500 or 1000 a.m.u.) demonstrated 
the main role of negative ion-clusters in particle growth process (Choi and 
Kushner, 1993; Hollenstein et al., 1993; Howling et al., 1993a,b; Perrin, 1993; 
Perrin et al., 1993; Boufendi and Bouchoule, 1994). Thus, the initial phase of 
formation and growth of the dust particles in a low-pressure silane discharge 
is a homogeneous process, stimulated by fast silane molecules and radical 
reactions with negative ion-clusters. The first particle generation appears as 
a monodispersed one with a crystallite size about 2nm. Due to a selective 
trapping effect, the concentration of these crystallites increases up to a critical 
value, where a fast (like a phase transition) coagulation process takes place 
leading to large size (50 nm) dust particles. During the coagulation step when 
the aggregate size becomes larger than some specific value of approximately 
6nm, another critical phenomenon, the so-called “a-y transition,” takes place 
with a strong decrease of electron concentration and a significant increase of 
their energy. A small increase of the gas temperature increases the induction 
period required to achieve these critical phenomena of crystallites formation: 
agglomeration and the a-y transition. 


11.5.2 Experimental Observations of Dusty Plasma Formation in 
Low-Pressure Silane Discharge 


The low-pressure RF-discharge for observing dusty plasma formation has 
been conducted in the Boufendi—Bouchoule experiments in a grounded cylin- 
drical box (13 cm inner diameter) equipped with a shower type RF powered 
electrode. A grid was used as the bottom of the chamber to allow a vertical 
laminar flow in the discharge box. The typical Boufendi-Bouchole experi- 
mental conditions are as follows: argon flow 30 sccm; silane flow 1.2 sccm; 
total pressure 117 mTorr (so the total gas concentration is about 4 x 10! 
cm~, silane 1.6 x 10!4cm~3); neutral gas residence time in the discharge is 
approximately 150 ms; RF power 10 W. A cylindrical oven to vary gas temper- 
ature from the ambient up to 200°C surrounded the discharge structure. The 
Boufendi-Bouchoule experiments show that the first particle size distribution 
is monodispersed with a diameter about 2nm, and is practically indepen- 
dent of temperature. Appearance time of the first generation particles is less 
than 5 ms. The measurements give a clear indication that the particle growth 
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proceeds through the successive steps of fast supersmall 2-nm particle for- 
mation and the growth of their concentration up to the critical value of about 
1010-10! cm~? when the new particles formation terminates and formation 
of aggregates with diameters of up to 50 nm begins by means of coagulation. 
During the initial discharge phase (until the a-y transition, up to 0.5 s for 
room temperature and up to several seconds for 400 K) the electron tempera- 
ture remains about 2 eV, the electron concentration is about 3 x 10?cm7%, the 
positive ion concentration is approximately 4 x 10? cm~3, and the negative 
ion concentration about 10? cm-*. After the a-y transition, the electron tem- 
perature increases up to 8 eV while the electron concentration decreases 10 
times and the positive ion concentration increases two times. These concentra- 
tions are correlated with the negative volume charge density of the charged 
particles through the plasma neutrality relation (Boufendi, 1994; Boufendi 
et al., 1994). The Boufendi-Bouchoule experimental data show that the criti- 
cal value of supersmall particle concentration before coagulation practically 
is independent of temperature. The induction time observed before coagu- 
lation is a highly sensitive function of the temperature: ranging from about 
150 ms at 300 K, it increases more than 10 times when heated to only 400 K. 
For a temperature of 400 K, the time required to increase the supersmall neu- 
tral particle concentration is much longer (10 times) than the gas residence 
time in the discharge, which can be explained by the neutral particle trap- 
ping phenomenon. According to the Boufendi—Bouchoule experiments, the 
particle concentration during the coagulation period decreases and their aver- 
age radius grows. The total mass of dust in plasma remains almost constant 
during the coagulation. 


11.5.3 Dust Particle Formation: A Story of Birth and Catastrophic Life 


The above described dust particle formation and growth in a SiH4—Ar low- 
pressure discharge can be subdivided into four steps. These include the 
growth of supersmall particles from molecular species and three succes- 
sive catastrophic events: selective trapping, fast coagulation, and finally the 
strong modification of discharge parameters, for example, the a-y transition 
(Fridman et al., 1996). A scheme for formation of the first supersmall par- 
ticle generation is presented in Figure 11.4a. It begins mainly with SiH, 
negative ion formation by dissociative attachment. The occurrence of the 
nondissociative three-body attachment to SiH3 radicals could occur in a com- 
plementary way (e + SiH3 = (SiH; v (SiH; “+M = SiH, + M). Then the 
negatively charged cluster growth is due to ion—molecular reactions such 
as:SiH, + SiH4 = Si2H; + H2, Si2H; + SiH; = SiH, + H} (also see Section 
2.6.6 about these reactions). This chain of reactions could be accelerated by 
silane molecules vibrational excitation in the plasma. Typical reaction time in 
this case is about 0.1 ms and in this way becomes much faster than ion-ion 
recombination. This last process (typical time 1-3 ms) is the main one by which 
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(a) Physical scheme of first generation of super-small particle growth. (b) Physical scheme of 
electrical trapping of neutral particles. (c) Mechanism of particle coagulation. (d) Physical scheme 
of a-y transition. 


this chain reaction of cluster growth is terminated. As the negative cluster size 
increases, the probability of reaction of the cluster with vibrationally excited 
molecules decreases because of a strong effect of vibrational VT-relaxation on 
the cluster surface. When the particle size reaches a critical value (about 2 nm 
at room temperature), the chain reaction of cluster growth becomes much 
slower and is finally terminated by the ion-ion recombination process. The 
typical time of 2nm particles formation by this mechanism is about 1 ms at 
room temperature. To understand the critical temperature effect on particle 
growth, one has to take into account that silane vibrational temperatures in 
the discharge are determined by VT-relaxation in the plasma volume and on 
the walls and depends exponentially on the translational gas temperature 
according to the Landau-Teller effect (see Section 3.4). For this reason, a small 
increase of gas temperature results in a reduction of the vibrational excitation 
level making the cluster growth reactions much slower. 

The selective trapping effect of neutral particles is schematically described 
in Figure 11.4b. Trapping of negatively charged particles in any discharges 
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is related to the repelling forces exerted on such particles in the electrostatic 
sheaths when they reach the plasma boundary. For the supersmall particles 
under consideration here, the electron attachment time is about 100 ms and 
almost two orders of magnitude longer than the fast ion-ion recombination; 
hence, most of the particles are neutral during this period. The effect of “trap- 
ping of neutral particles in the electric field” should occur here to allow the 
concentration of particles to reach the critical value sufficient for effective 
coagulation. The “trapping of neutral particles” becomes clear noting that for 
2nm particles, the electron attachment time is shorter than the residence time, 
and each neutral particle is charged at least once during the residence time 
and quickly becomes trapped by the strong electric field before recombina- 
tion. The rate coefficient of the two-body electron nondissociative attachment 
grows strongly with the particle size. For this reason, the attachment time for 
particles smaller than 2 nm is much longer than their residence time, and there 
are no possibilities to be charged even once and hence no possibilities to be 
trapped in the plasma and survive. Only “large particles,” exceeding the 2 nm 
size can survive: this is the size selective trapping effect. This first catastro- 
phe associated with small particles explains why the first particle generation 
appears with well-defined sizes of crystallites. This could also explain the 
strong temperature effect on dust production. A small temperature increase 
results in reduction of the cluster growth velocity and hence of the initial 
cluster size; this leads to a loss of the main part of the initial neutral parti- 
cles with the gas flow and, in general, determines the observed long delay of 
coagulation, a-y transition, and dust production process. 

The fast coagulation phenomenon occurs when increasing concentration of 
survived monodispersed 2nm particles reaches a critical value about 1010- 
10'! cm~3(see Figure 11.4c). At such levels of concentrations, the attachment 
of small negative ions like SiH, to 2nm particles becomes faster than their 
chain reaction to generate new particles. New chains of dust formation almost 
become suppressed and the total mass of the particles remains almost con- 
stant. In this fast coagulation process, it was shown experimentally that the 
mass increase by “surface deposition” process is negligible. Moreover, the 
probability of multibody interaction increases when such high particle con- 
centrations are reached. For this reason, the aggregate formation rate constant 
grows drastically, and the coagulation appears as a critical phenomenon of 
phase transition. In this case, because of the small probability of aggregate 
decomposition (inverse with respect to coagulation), the critical particle con- 
centration does not depend on temperature. In addition to electrostatic effects, 
this is one of the main differences between the critical phenomenon under con- 
sideration and the conventional phenomenon of gas condensation. The typical 
induction time before coagulation is about 200 ms for room temperature and 
much longer for 400 K. This could be explained taking into account the selec- 
tive trapping effect. The trapped particle production rate for 400 K is much 
slower than that for room temperature, but the critical particle concentration 
remains the same. 
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The critical phenomenon of fast changing of discharge parameters, the 
so-called a-y transition, takes place during the process of coagulation when 
the particle size increases and their concentration decreases. Before this critical 
moment, the electron temperature and other plasma parameters are mainly 
determined by the balance of volume ionization and electron losses on the 
walls. The a-y transition occurs when the electron losses on the particles 
surfaces become more than on the reactor walls. The electron tempera- 
ture increases to support the plasma balance and the electron concentration 
dramatically diminishes. 

This fourth step of particle and dusty plasma formation story is the “plasma 
electron catastrophe” (Figure 11.4d). During the coagulation period, the total 
mass of the particles remain almost constant, and so the overall particle sur- 
face in the plasma decreases during coagulation. Hence, one has an interesting 
phenomenon: the influence of particle surface becomes more significant when 
the specific surface value decreases. This effect can be explained if the prob- 
ability of electron attachment to the particles grows exponentially with the 
particle size (see Figure 11.4d), is taken into account. For this reason, the “effec- 
tive particle surface” grows during the coagulation period. When the particle 
size exceeds a critical value of about 6nm, an essential change of the hetero- 
geneous discharge behavior takes place with significant reduction of the free 
electron concentration. Taking into account the increase of the electron attach- 
ment rate on these size-growing particles, it becomes clear that most of them 
become negatively charged soon after the a-y transition. The typical induc- 
tion time before the a-y transition is about 500 ms for room temperature and 
more than an order of magnitude longer for 400 K. This strong temperature 
effect is due to the threshold character of the a-y transition, which takes place 
only when the particle size exceeds the critical value, and for this reason, is 
determined by the strongly temperature-dependent time of the beginning of 
coagulation. Thus, the above discussion outlined the physical nature of the 
main critical phenomena accompanying the initial period of particle forma- 
tion in a low-pressure silane plasma from the supersmall particle formation 
to the plasma crisis of the a-y transition. All these catastrophic phenomena 
are illustrated in Figure 11.4a—d. More information can be found in Bouchoule 
(1999), Girshick et al. (1999), Girshick et al. (2000), Koga et al. (2000), Watanabe 
et al. (2000, 2001). 


— = |S>~>=_=A 
11.6 Critical Phenomena in Dusty Plasma Kinetics 
11.6.1 Growth Kinetics of the First Generation of Negative lon Clusters 


Cluster formation in the low-pressure RF-silane plasma begins from forma- 
tion of negative ions SiH and their derivatives. For the discharge parameters 
described above, negative ion concentration (SiH, and their derivatives) 
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could be found from the balance of dissociative attachment and positive 
ion-negative ion recombination: 


d[SiHG | 


r kaqrie[SiH4] — kËni[SiH7], (11.6.1) 


where the rate coefficient of dissociative attachment kaq = 1071? cm3/s for 
Te = 2 eV, the ion-ion recombination rate coefficient kï = 2107 cm/s, ne 
and nj are the electron and positive ion concentrations. In the absence of 
strong particle influence (before the a-y transition), the electron and positive 
ion concentrations are nearly equal and the concentration of SiH} (and their 
derivatives—other small negative ions) are about 10? cm~’, in accordance 
with experimental data presented in the previous section. The time to estab- 
lish the steady-state ion balance according to Equation 11.6.1 is approximately 
1 ms. Other mechanisms of initial SiH production including nondissociative 
electron attachment to SiH3 were discussed in Perrin et al. (1993). However, in 
the SiH4—Ar discharge, this mechanism probably is not a major one. The pro- 
duction of SiH3 radicals is due to dissociation by direct electron impact (with 
the rate constant kg = 1071 cm73), and their losses are due to diffusion to the 
walls (the diffusion coefficient D = 3 x 108 cm2 /s, the characteristic distance 
to the walls R = 3 cm): 


d[SiH3] 


: D .. 
ap = KattelSiHlal — gy (SiH). (11.6.2) 


The establishment time for the steady-state regime according to this equa- 
tion is about 3 ms, and the steady-state radical concentration is less than 
0.1% from SiH4. As a result, the dissociative attachment is the main ini- 
tial source of negative ions in the system. After the initial SiH, formation, 
the main pathway of cluster growth is the chain of ion—molecular reactions 
(Equations 2.6.28 through 2.6.32), discussed under the Winchester mecha- 
nism of ion—molecular processes. In the specific case of silane cluster growth, 
the Winchester mechanism is not fast relative to ion-ion recombination. For 
example, the first reaction rate coefficient (Equation 2.6.29) is of the order of 
1071? cm3/s. Such reaction rates are due to the thermo-neutral and even the 
endothermic character of some reactions from the Winchester chain; these 
results in an intermolecular energy barrier (Reents, Jr. and Mandich, 1992; 
Raghavachari, 1992) for such reactions and even in a bottle neck effect in their 
kinetics (Mandich and Reents, Jr., 1992). 


11.6.2 Contribution of Vibrational Excitation in Kinetics of Negative 
lon—Cluster Growth 


The vibrational energy of polyatomic molecules is very effective in over- 
coming the intermolecular energy barrier in the case of thermo-neutral and 
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endoergic reactions (Talrose et al., 1979; Baronov et al., 1989; Veprek and 
Veprek-Heijman, 1990, 1991). To estimate the influence of vibrational exci- 
tation on the cluster growth rate (Equations 2.6.28 through 2.6.32), analyze 
the vibrational energy balance, taking into account SiH; vibrational excita- 
tion by electron impact (key = 10-’cm?/s), and vibrational VT-relaxation on 
molecules (rate coefficient kyt silane), on argon atoms (kyt, Ar), and on the walls 
with the accommodation coefficient Pyr (see Chesnokov and Panfilov, 1981): 


; , : : D 
KeyNe[SiH4]iw = (kr stant iF + kyr, arno[SiH4] + Pyr[SiH4] z) 


ho ho 
i EAA Z1 explho/To) — z| ' 
(11.6.3) 


Here ne and ng are the electron and neutral gas (which is mostly argon) con- 
centrations, Ty, and To are the vibrational and translational gas temperatures, 
hw is the vibrational quantum approximating the only mode excitation (see 
Sections 3.4.6 and 3.5.4). Vibrational relaxation on the cluster surface will be 
considered below. Taking into account the Landau-Teller formula for VT- 
relaxation (see Section 3.4), and activation energy Ea(N) as a function of the 
number N of silicon atoms in a negatively charged cluster, the growth rate 
of the initial very small clusters Equations 2.6.28 through 2.6.32 could be 
expressed as 


T 
A+B 


-— wE N]. (11.6.4) 


kinitial (To, N) = kyN7/3 exp ; 
w 


Here AT = Tọ — Too is the temperature increase; kọ is the gas-kinetic 
rate coefficient; B is the Landau-Teller parameter; A is a slightly changing 
logarithmic factor describing vibrational relaxation: 


In kyT silane[SiH4] + kyt, Arno + PyrD/R? 


A= 
keve 


(11.6.5) 


The initial cluster growth rate coefficient Equation 11.6.4 increases with the 
cluster size. Later when the number of atoms N exceeds a value of about 300, 
the relaxation on cluster surface becomes significant and the rate of negative 
cluster growth decreases. Taking into account the probability of VT-relaxation 
on the cluster surface Pyr % 0.01, and the number of the relaxation-active 
spots on the cluster surface s = (N 1/3)2 = N?⁄3, the probability of chemical 
reaction on the cluster surface according to the Poisson distribution must be 
multiplied by the factor (Legasov et al., 1978): 


(1 — Pyr) = exp(—PyrN?°). (11.6.6) 
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Taking into account Equation 11.6.4 with the kinetic restriction Equa- 
tion 11.6.6, the final expression for the negatively charged cluster growth rate 
constant can be presented as 


+ BAT 


kio(To, N) = koN?/? exp % EN) — PytN?/? |. (11.6.7) 
(6) 


This formula demonstrates the initial, relatively strong temperature depen- 
dence of the cluster growth as well as the limitation of growth when the 
number of atom in cluster becomes of the order of N = Dee 3, Numerically, 
the critical N value is about 1000 at room temperature, which corresponds 
to the cluster radius about 1nm. At higher temperatures, this cluster size 


decreases. 


11.6.3 Critical Size of Primary Nanoparticles 


Without taking into account the ion-ion recombination involved in the chain 
termination, the particle size growth in the series of ion—molecular reactions 
(Equations 2.6.28 through 2.6.32) can be described based on Equation 11.6.7 
by the equation: 


aN 


a= ks [SiH4]N7/3 exp(—PytN7’), (11.6.8) 


kġ = kio(To, N = 1) is the rate coefficient of the reaction (Equation 2.6.28), 
stimulated by vibrational excitation. It is convenient to present the solution of 
this equation using the critical particle size Ner = Pye * and reaction (Equa- 
tion 2.6.28) characteristic time t = 1 /kġI[SiH4], which is 0.1-0.3 ms at room 
temperature: 


2/3 _ 4 
fp INU EP W/Nex) 
(N/Ner)!/3 


(11.6.9) 


Equation 11.6.9 shows that initially (for number of atoms N or cluster size 
much less than critical values of 1000 atoms or 1 nm), the function N13 (not 
N) is increasing linearly with time. That means that rather than particle mass 
and volume, the particle radius grows linearly with time, and the time of 
formation of a 1000-atom cluster is only 10 times longer than the character- 
istic time of the first ion—molecular reaction. Equation 11.6.9 shows that the 
supersmall particle growth is limited by the critical size of 2 nm, that is, by 
the critical number of atoms Ner = 1000. The time of such particle formation 
is 1-3 ms at room temperature. This process of particle growth is terminated 
by fast ion-ion recombination. A small change of temperature accelerates 
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FIGURE 11.5 
Numerical modeling of the initial stage of particle growth. First curve, room temperature, second 
one T = 400 K. 


vibrational relaxation diminishes the level of vibrational excitation, the chain 
reaction rate, and hence makes the process of particle growth much slower. 
Figure 11.5 presents the results of numerical calculations, which demonstrate 
the saturation of supersmall particle growth and the strong effect of tem- 
perature on the particle growth time (Porteous et al., 1994; Fridman et al., 
1996). 


11.6.4 Critical Phenomenon of Neutral Particle Trapping in Plasma 


The mechanism of supersmall cluster growth described above leads to a 
continuous production of supersmall particles (2nm at room temperature) 
with the reaction rate corresponding to initial formation of SiH} by dis- 
sociative attachment. Most of these particles are neutral according to the 
Boufendi-Bouchoule experiments. For such particles, the ion—ion recombi- 
nation rate (kË = 3 x 1077 cm? /s) is much higher than the rate of electron 
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attachment (ka = 3 x 107°? cm/s). A simple kinetic balance shows in this 
case that the percentage of negatively charged particles is approximately 
ka/k? = 1%. Nevertheless, in the experiments the concentration of such neu- 
tral particles grows during a period longer than the neutral gas residence time 
in the plasma volume. This means that the trapping effect, well known for 
negatively charged particles (particle repelled from the walls by electrostatic 
sheaths when they reach the edge of the plasma), takes place here for these 
nanometer-size neutral particles. The neutral particle lifetime in a plasma 
volume is determined by their diffusion and drift with gas flow to the walls. 
The particle lifetime due to the drift to the wall, the so-called residence time, 
obviously does not depend on the supersmall particle size (in the experi- 
mental conditions it is about 150 ms. On the contrary, the diffusion time 
R?/D is about 3 ms for molecules and radicals and increases with the par- 
ticle size proportionally to N7/6 (due to particle section increase and their 
velocity reduction). These two processes become comparable for N about 60, 
and thus the main losses of the 2-nm particle are due to the gas flow. To explain 
the neutral particle trapping, one must take into account that for 2nm par- 
ticles the electron attachment time (1/kane, about 100 ms) becomes shorter 
than the residence time (150 ms). Hence, each neutral particle has a possibil- 
ity to be charged at least once during the residence time. Having a negative 
charge before recombination even for a short time interval (which happens 
after about 1 ms) is sufficient for particle trapping by the discharge elec- 
tric field repelling the negatively charged particles back into the RF-plasma 
volume. 


11.6.5 Size-Selective Neutral Particle Trapping Effect in Plasma 


The critical phenomenon of size-selective trapping is due to the fact that the 
rate coefficient of two-body electron nondissociative attachment to a particle 
grows strongly with the particle size. For this reason, when clusters are smaller 
than 2 nm, the attachment time is longer than their residence time. In this case, 
there are very small chances for such clusters to get a charge even once and, 
hence, no possibilities to be trapped in the RF-plasma and survive. Consider 
the probability and rate constant of the two-body electron nondissociative 
attachment. The small probability of this process for relatively small particles 
is due to the adiabatic character of the process related to energy transfer. An 
electron has to transfer its entire energy through polarization to molecular 
vibrations of a supersmall cluster (characteristic quantum fiw). The electron 
attachment rate can be found using the Massey parameter. Taking into account 
that the cluster polarizability is a ~ r’, and the total polarization energy of an 
electron interaction with a cluster of radius r is 


e2 


2 
AE © 4rasoE? ~ 4xr%e9 (z) (11.6.10) 
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leads to the following formula for coefficient of electron attachment to 


cluster of radius r: 
8T e2 
= 2 e 
ka = mr*,/ hee ( aa ; (11.6.11) 


The fact that the rate coefficient of two-body electron nondissociative attach- 
ment grows strongly with particle size can be illustrated by comparing the 
electron mean free path in a cluster with a particle size: when the particle size 
is relatively small, the probability of direct attachment is negligible. From 
Equation 11.6.11, one can obtain for a 5-nm particle ką = 1077 cm/s, for a 
2-nm particle, ka = 3 x 107°? cm/s. The rate coefficient of two-body electron 
nondissociative and dissociative attachment become of the same order of 
magnitude when the particle size is slightly less than 1 nm. The condition of 
a neutral particle trapping requires at least one electron attachment during 
the residence time tr: 


[8T e? 
= 2 e = 
ka(r)NetR = NetRTr a exp ( <a) =1. (11.6.12) 


According to this equation the critical radius of trapping Rer is of about 
1nm (the critical particle diameter is 2 nm). It is known that particle growth 
at room temperature is limited by approximately the same value of about 
2nm. For this reason, on one hand, most of the particles initially produced 
at room temperature are trapped, and on the other hand, their size distribu- 
tion is monodispersed because of losses of smaller clusters to the gas flow. 
The losses of relatively small particles with a gas flow (the selective trapping 
effect) explain the strong temperature effect on dust production. A small tem- 
perature increase results in reduction of cluster growth velocity (Equation 
11.6.7). Hence, the initial cluster size Rin before recombination is reduced. 
According to Equation 11.6.12, this leads to significant losses of the initial 
neutral particles with a gas flow, and to a delay in coagulation, a-y transition, 
and dust production in general at relatively high temperatures. Taking into 
account the particle production (initiated by dissociative attachment), whose 
size is limited by the temperature dependent Rin value, and their losses with 
gas flow, the concentration of relatively small particles having the radius Rin 
can be expressed as 


n(Rin) = kaanelSiHa]tr. (11.6.13) 


Formation of 2-nm particles, which will be effectively trapped, is deter- 
mined at temperatures higher than 300 K by the slow process of electron 
attachment to the neutral particles with the radius Rin less than Re, and 
concentration defined by Equation 11.6.13. The production rate of the 2-nm 
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particles is 


Wp = ka (Rinnen (Rin) = ka(Rin)MekaaMe[SiH4]tR 


, (11.6.14) 

= [ka (Rer)NneTR]kaqne[SiH4][ka (Rin) /ka Rer)]. 
Taking into account the trapping condition (Equation 11.6.12) and the for- 
mula for electron attachment coefficient (Equation 11.6.11), rewrite Equation 
11.6.14 as a relation between the rate of particle production Wp and the initial 


negative ion SiH} production by dissociative attachment Wag: 


Wp = W, a as (11.6.15) 
= ex R O: 
P= eae | arako Re Ra 


This formula illustrates the radius-dependent catastrophe of particle pro- 
duction. One can see that if the rate of particle growth is sufficiently large and 
the particle size during the initial period (the so-called first generation) also 
becomes large enough for trapping Rin = Rer, the rate of particle production 
is near the rate of SiH} production. Such conditions take place at room tem- 
perature. For higher temperatures, the first generation initial radius Rin is less 
than the critical radius R« for selective trapping, and the particle production 
rate becomes much slower than dissociative attachment. 


11.6.6 Temperature Effect on Selective Trapping and Particle 
Production Rate 


To rewrite Equation 11.6.15 for the production of nanoparticles as a function 
of temperature, take into account the linear law of radius increase (Equa- 
tion 11.6.9) and the exponential dependence of the growth rate on temperature 
(Equation 11.6.7): 


e? BAT 
W, = W, — ——— } -l A 11.6.1 
P aden | Amegha Rer a 3TA 3 (Leto) 


This double exponential law shows an extremely strong dependence of 
dust production on temperature. The double exponential relation can be pre- 
sented (for room temperature and higher) as a simple and general criterion 
for fast dust production in silane plasma, taking into account the trapping 
criterion (Equation 11.6.12) and the expression (Equation 11.6.11) for electron 
attachment coefficient: 


ATB\ kneR 
exp a3 |m gen ad (11.6.17) 
3T4 v 
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FIGURE 11.6 

Critical conditions of particle formation. Gas temperature, electron concentration, and distance 
between the electrodes. Dust production area is above the presented curves. The gas temperature 
is in degree Celsius. The gas velocity in the discharge is 20 cm/s. 


Here v is the gas flow linear velocity, R is the distance between electrodes, k 
is the pre-exponential factor in the expression (Equation 11.6.11) for electron 
attachment coefficient. This criterion of fast dust production in silane plasma 
is presented numerically in Figure 11.6. In this figure, the area of effective 
particle formation is placed over the critical curve, AT is the temperature in 
degree Celsius. Dust production in the plasma can be stimulated by increasing 
the electron concentration and neutral gas residence time (for example, by 
increasing the distance between electrodes) and can be restricted even by 
small gas heating. 


11.6.7 Critical Phenomenon of Supersmall Particle Coagulation 


When the growing concentration of survived monodispersed 2nm parti- 
cles reaches a critical value of about 10!?—10" cm~, the fast coagulation 
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process begins. Experimentally the beginning of the coagulation process has 
a threshold character and proves the critical character of this phenomenon. It 
is important to note that the critical value of particle concentration for coag- 
ulation does not depend on temperature experimentally; this is not typical 
for phase transition processes. The simple estimations as well as detailed 
modeling show that when the cluster concentration reaches a critical value 
of about 10!9—10!! cm~3, the attachment of small negative ions (like SiH, ) to 
2-nm neutral particles becomes faster than the chain reaction of a new parti- 
cle growth. Thus, new dust particle formation becomes much slower, taking 
into account that cluster mass growth from an initial negative ion SiH, has 
an essential acceleration with particle radius (Equation 11.6.9). The total par- 
ticle mass remains almost constant during the coagulation. The deposition 
of silane radicals on neutral surfaces can be neglected in the fast coagulation 
phase. To describe the critical coagulation phenomenon, consider the proba- 
bility of two-, three-, and many-particle interaction, assuming that the mean 
radius R of particles interaction is proportional to their physical radius and 
all direct collisions result in aggregation. The reaction rate and rate coefficient 
for binary particle collision are 


WO) =ovN?, K(2)=o1, (11.6.18) 


where N is the particle concentration, ov is the mean product of their cross 
section and velocity. From Equation 11.6.18, the steady-state concentration of 
the two-particle complexes N(2) can be estimated taking into account their 
characteristic life time R/v as 


N(2) = (oN?) = = N(oRN). (11.6.19) 


Based on formula (Equation 11.6.19), the reaction rate and rate coefficient 
of the agglomerative three-particle collision can be written as 


W(3) = ov(oRN)N2, K(3) = ov(oRN). (11.6.20) 


Repeating this procedure (Nikitin, 1970), and taking into account that oR is 
proportional to the particle mass, the rate coefficient of (k + 2)-body collision 
can be given in the following form: 


K(k) = ov(oRN)*k!. (11.6.21) 


The rate constant of the coagulation can be calculated as the sum of the 
partial rates (Equation 11.6.21), which is divergent, but can be asymptotically 
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Time evolution of the dust density and radius for different gas temperatures. Modeling results 
(—). Experimental data (+). 


found by integration procedure of Migdal (1981): 


Ke = ) \ov(oRN)*k! = ov h + (11.6.22) 


1 
na | í 


This relation shows that when the initial particle concentration N is less 
than critical one Ner (which is proportional to 1/oR, and numerically is 
about 10!9—10!! cm~), the coagulation rate coefficient is the conventional 
one related to binary collisions. But when the initial particle concentration 
N approaches the critical value Ner, the coagulation rate sharply increases 
demonstrating typical features of a phase transition critical phenomenon. 
From Equation 11.6.22, it is seen that because of very small probability of 
aggregate decomposition (the reverse process with respect to coagulation), 
the critical particle concentration value does not depend on temperature. This 
is the principal difference between the critical phenomenon under considera- 
tion and conventional gas condensation. Results describing time evolution of 
the processes are presented in Figure 11.7. The typical induction time before 
coagulation is about 100-200 ms for room temperature and much longer for 
400 K. This temperature effect is due to the selective trapping. The particle 
production rate for 400 K is much less than for room temperature, but the 
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critical particle concentration value remains almost the same and hence the 
induction period becomes much longer. 


11.6.8 Critical Change of Plasma Parameters during Dust Formation 
(the o—y Transition) 


When the particle size reaches a second critical value during the coagulation 
process, another change of plasma parameters takes place: electron tempera- 
ture increases and electron concentration decreases dramatically. To analyze 
this critical phenomenon consider the balance equation of electrons (ne), posi- 
tive ions (nj), and negatively charged particles (N,,). The main processes taken 
into account are: ionization (kj(Te)); electron and positive ion losses on the 
walls by ambipolar diffusion (neDa /R?); the electron attachment to neutral 
particles (ka(ra)), which is the strong function of the particle radius r accord- 
ing to Equation 11.6.11; and ion-ion recombination kr of positive ions and 
negatively charged particles. Taking into account that before the a-y transi- 
tion, negatively charged particles have actually only one electron, the balance 
equations can be presented as 


dn D 

T = ki (Te)neno — Ne as —k,(r)neN, (11.6.23) 
dn; D 

a = ki(Te)Nent — nia —k,Npni, (11.6.24) 
dN, 

Ta =k,(r)neN — kyniNn. (11.6.25) 


Here N and Np are the neutral particle and gas concentrations, respectively. 
For the steady-state discharge regime, the derivatives on the left side can be 
neglected. The threshold of the a-y transition can be calculated from Equation 
11.6.23, assuming for the ionization coefficient ki (Te) = koi exp(—I/Te) (Lis the 
ionization potential), and for electron attachment coefficient (see Equation 
11.6.11): 


e 


2 2 
z 
ka = kal eee 11.6.2 
a(r) = koa (x) ox ima) (11.6.26) 


Thus, the critical phenomenon of the a-y transition can be seen from the 
electron concentration balance equation 11.6.23, which taking into account 
Equation 11.6.26 looks as 


k Ve E i 2 (11.6.27) 
¡exp | -— =z = xp | —-——_—_]. 6. 
eP NSS ey T R 0a (Ro) OP A Treohor 
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Before the critical moment of a-y transition when the particles are relatively 
small as is any attachment to them, the electron balance is determined by ion- 
ization and electron losses to the walls. The a-y transition is the moment 
when the electron losses on the particles sharply grow with their size and 
become more important than those on the walls. The electron temperature 
then increases to support the plasma balance (Belenguer et al., 1992). The total 
mass and volume of the particles remain almost constant during the coagu- 
lation, so the specific particle surface (the total surface per unit of volume) 
decreases with the growth of mean particle radius. The influence of particle 
surface becomes more significant when the specific surface area decreases. 
Equation 11.6.27 explains this phenomenon: the exponential part of the elec- 
tron attachment dependence on particle radius is more important than the 
pre-exponential one. So the comparison of the first and the second terms in 
the right side of Equation 11.6.27 gives a critical particle size Re, such that 
a-y transition begins only when the particle radius becomes larger during 
coagulation: 


e2 


Re = . 11.6.28 
© Ameghw In(koaNR2/Da) ( ) 


This critical radius for a-y transition is 3nm, and practically does not 
depend on temperature. 


11.6.9 Electron Temperature Evolution in the o—y Transition 


Equation 11.6.27 describes the electron temperature as a function of aggregates 
radius r during the a-y transition. There are two exponents in Equa- 
tion 11.6.27, which play the major role in the electron balance. So neglecting 
the ambipolar diffusion term, leads to the relation for the electron temperature 
evolution during the a-y transition: 


1 1 2 1 1 
= ; (11.6.29) 
Te Teo 4neoño \r Re 


Here, Teo (about 2 eV) is the electron temperature just before the a-y transition 
when the aggregate radius is near its critical value r = Re. One can see from 
Equation 11.6.29 that during the particle growth after a-y transition, the elec- 
tron temperature increases with the saturation on the level of e J4neoħaoRe, 
which is numerically about 5-7 eV. Thus as a result of the a-y transition, the 
electron temperature can grow about three times. The electron temperature 
increase as a function of the relative difference of positive ion and electron 
concentrations A = (nj — ne)/n; can be derived from the positive ion balance 
equation 11.6.24, taking into account plasma electro-neutrality (ni = ne + Nn): 
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koi exp (-=) no = ae + keni i (11.6.30) 


One can see that electron temperature is essentially related to the rela- 
tive difference A between positive ion and electron concentrations. When 
during the a-y transition electron temperature grows, electron concentration 
decreases and the A factor approaches 1. The electron concentration before 
a-y transition is almost constant at about neo = 3 x 10°? cm™?. In the exper- 
imental conditions, current density je = neebeE is proportional to neT2 and 
remains fixed during a-y transition. Hence, the electron and positive ion 
concentrations during this period can be derived from the balance equation as 


koineoT 20 —I/T. Tå 
ee oiMeoT So sed / o) Ne = neo 2 (11.6.31) 
kT Té 


According to this relation, electron concentration decreases during o—y 
transition approximately 10 times, and positive ion concentration slightly 
increases. Modeling and experimental data describing evolution of electron 
density and temperature during the a-y transition are shown in Figure 11.8 
(Fridman et al., 1996). 
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Time evolution of the electron density and temperature including a-y transition for different gas 
temperatures. Modeling results (—). Experimental data (+). 
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E 
11.7 Nonequilibrium Clusterization in Centrifugal Field 
11.7.1 Centrifugal Clusterization in Plasma Chemistry 


The clusterization can be affected by fast plasma rotation, which in RF- and 
microwave discharges can be characterized by tangential velocities vg close 
to the speed of sound (Givotov et al., 1986). Centrifugal forces proportional 
to the cluster mass push the particles to the discharge periphery. The clusters 
can be transferred to the discharge periphery faster than the heat transfer. 
This can result in a shift of chemical equilibrium in the direction of product 
formation. It provides product separation during the process and decreases 
energy cost (see Becker and Doring, 1935; Zeldovich, 1942; Frenkel, 1945). 


11.7.2 Clusterization Kinetics as Diffusion in Space of Cluster Sizes 


The clusters A„, which consist of n molecules A, can be formed and destroyed 
in chemical processes: 


Ant + Ani An, Ank + Amek $ Ån + Am (11.7.1) 


These clusters can also diffuse and drift in the centrifugal field. Consider 
the cluster size n as a continuous coordinate (varying from 1 to oo). Another 
coordinate is the radial coordinate x, varying from 0 to the radius R of the 
discharge tube. Then clusterization in the centrifugal field can be considered 
in terms of the evolution of the distribution function f (n, x,t) in the space 
(n,x) of cluster sizes. Plasma-chemical reaction of dissociation of the initial 
compound can be taken into account as a source of molecules A located in 
the point x = 0. Evolution of the cluster distribution can be described by the 
continuity equation in the space (n, x) of cluster sizes (Macheret et al., 1985): 


of (n, x,t) Ojn Ojx 
ot i on i Ox 


=0. (11.7.2) 


jn is the flux of clusters along the axis of their sizes n, and jy is the radial 
flux of particles. The radial flux jy, which takes into account nonisothermal 
diffusion and centrifugal drift can be given as 


ð aT nm? 
j= (2440 =r), (11.7.3) 


where D, is the diffusion coefficient, mis the mass of a molecule A. The number 
of clusters is less than the number of molecules at temperatures above that 
of condensation. In this case, diffusion in the space of cluster sizes is mostly 
due to atom attachment and detachment processes: 


An-1 +A An, (11.7.4) 
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which permits describing the flux of clusters along the axis of their sizes n in 
the following linear Fokker—Plank form (Rusanov et al., 1985): 


M of ð ln fo 
ine op (2 = f). (11.7.5) 


In this expression, D, is the diffusion coefficient along the coordinate 
n; fo(n) is the distribution in equilibrium conditions, which influences the 
nonequilibrium flux (Equation 11.7.5). 


11.7.3 Quasi-Equilibrium Cluster Distribution over Sizes 


The quasi-equilibrium number density of clusters A; is determined at fixed 
temperature T by the change of thermodynamic Gibbs potential AG, related 
to An formation from n molecules A: 


(11.7.6) 


AG(n) 
oe 


fo(n) = const exp [- 


The change in the Gibbs potential AG depends in turn on changes of 
enthalpy and entropy in the reaction nA —> Ay: 


AG(n) = nAh(n) — nAs(n). (11.7.7) 


Ah(n) and As(n) are the specific enthalpy and entropy changes calculated 
per one A molecule. The entropy change As is mostly determined by change 
of volume per one molecule A during the clusterization process from V2 in 
molecule to V,; in clusters (Vostrikov and Dubov, 1984a,b): 


nemn i, OE (11.7.8) 
V2 Tc 

where p and T are the gas pressure and temperature, pe is the condense phase 
density. Thus, as one can see from Equation 11.7.8, the entropy change As 
actually does not depend on the cluster size n. Decomposition energy of a 
molecule A from the cluster A„ does not depend on n, and equals to the evap- 
oration enthalpy » (for example, the bonding energy of S2 in sulfur cluster 
So, is almost fixed: ^ ~ 30 kcal/mol at any n). The specific enthalpy change 
in clusterization can be expressed as: 


Ah(n) = =) (1 = z) , (11.7.9) 


For larger spherical aggregates (n >> 1), which should be considered not as 
clusters but as condense phase particulates: 


Ahm) = —(1 — const / 4n). (11.7.10) 
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The second term on the right-hand side is related to the surface tension 
energy. The corresponding second term 1/n in Equation 11.7.9 can be inter- 
preted as the 1D analog of the surface tension energy. Equations 11.7.6 through 
11.7.9 lead to the exponential distribution of clusters over their sizes: 


fo(n) « exp (-=) } (11.7.11) 


where the exponential parameter ng of the distribution function decrease or 
increase depends on temperature and can be presented using the condensa- 
tion temperature Te = —d/As as 


l 1 X V 
Dda E i (11.7.12) 
on no T Teo T 


From Equations 11.7.11 and 11.7.12, the quasi-equilibrium distribution 
fo(n) exponentially decreases at temperatures exceeding the condensation 
point (T > Te). As soon as the temperature reaches the condensation point, 
the parameter nọ —> œ and clusters grow to large scale condense phase 
particulates. 


11.7.4 Magic Clusters 


Deviation of the clusterization enthalpy from Equation 11.7.9 leads to a non- 
exponential distributions fọ (n) over cluster sizes. Bonding energy in clusters 
of some specific sizes can be stronger, which results in high concentration of 
clusters with the “magic sizes” (Sattler, 1982). In the example of sulfur, clus- 
ters Sẹ and Sg are more stable than other Sp, at temperatures exceeding the 
condensation point. Taking into account a magic cluster size nm, the specific 
enthalpy change (Equation 11.7.9) is 


Ah(n) = a(i =) : SQM), (11.7.13) 
n Mm 


where 8Q(n) is the peak at n = nm with the characteristic width about unity 
and maximum AQmax. The corresponding addition to the logarithm of quasi- 
equilibrium distribution in the magic point is equal to: 

sQ(n) 


Aln fo =. (11.7.14) 


Hence the effect of magic clusters is negligible at very high temperatures 
and becomes significant only at temperatures exceeding the condensation 
point: 

AQmax 


AT & T, > 11.7.15 
z ANm ( ) 
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11.7.5  Quazi-Steady-State Equation for the Cluster Distribution 
Function f (n, x) 


Equation for the quasi-steady-state cluster distribution over sizes f (n, x) based 
on Equation 11.7.2 is 


ain, ais 


= 0. (11.7.16) 
on Ox 


The simplest solution of this equation is for quasi-equilibrium, which can 
be obtained assuming that both fluxes jn and jy are equal to zero: 


T(x =0) mv?dx 
fa, x) x “Tey NO exp p TO l , (11.7.17) 


This distribution does not satisfy the typical boundary conditions in the 
space of cluster sizes. Also the characteristic establishment time of the distri- 
bution f (n, x) along n (about n*/D,,) is much shorter for medium clusters of 
interest (n < 102—103) than characteristic time along x(R2 /D,). For this rea- 
son it is better to assume in Equation 11.7.16 that the distribution f (n, x) is 
determined by fast diffusion along the n-axis, and along the radius x only by 
the centrifugal drift. In the above expressions for characteristic times, R is the 
discharge radius; Dx is the conventional diffusion coefficient; and D, is the 
diffusion coefficient in the space of cluster sizes, which can be taken as 


Dn = ko[A] exp (-) ; (11.7.18) 


ko is rate coefficient of gas-kinetic collisions; [A] is the concentration of 
molecules A; Ea is activation energy of the direct processes (Equation 11.7.4). 
Assuming that the activation energy Ea does not depend on n, the diffusion 
coefficient D, also can be considered independent of the cluster sizes. If the 
conventional diffusion coefficient Dy is assumed independent on n and x for 
the conditions of interest, the derivative of the centrifugal drift can be simply 
expressed as 
2 2 

ə mo D, mo 

— | Dy —*nf | ~ "nf. 11.7.19 

ax l “xT l R? T ( ) 
The quasi-steady-state kinetic equation for the nonequilibrium cluster dis- 


tribution f (n, x) can be derived taking into account diffusion along the n-axis 
and centrifugal drift along the radius x as 


af  alnfo ðf Info Dy mve 
ən? ðn an m DREE. f=0. (11.7.20) 
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Finally, the linear kinetic equation 11.7.20 for the nonequilibrium cluster 
distribution function f(n,x) can be simplified by introducing the modified 
cluster distribution function: y(n) = f (n)/ yfo (n), which gives (Rusanov et al., 
1985): 


1/alnfo\? 1a2Info D, mo 
" =0. 11.7.21 
Y ( we) +5 a DRS K ( ) 


11.7.6 Nonequilibrium Distribution Functions f (n, x) of Clusters 
without Magic Numbers in the Centrifugal Field 


For monotonic equilibrium distribution fọ(n,x) of clusters without magic 
numbers, the kinetic equation 11.7.21 can be rewritten taking into account 
Equations 11.7.1 and 11.7.12 as 


1 
y” + (zs + n) y=0. (11.7.22) 
n 
0 


Here, the parameter b = (D,/ D, R?) (moe /T) reflects the frequency compe- 
tition between centrifugal drift and diffusion along the axis of cluster sizes 
in formation of the distribution f (n, x); the factor no (Equations 11.7.11 and 
11.7.12) characterizes the average cluster size at temperatures exceeding the 
condensation point. The differential equation 11.7.22 is a Bessel type of equa- 
tion, and its solution can be expressed using the Hankel function Ha (z) 
(Abramowitz and Stegan, 1968). A solution at n —> oo is 


3/2 
ra »l.2 f1 
y(n) x Get ae É (z+) | (11.7.23) 


Diffusion along the axis of cluster sizes is usually faster than centrifugal 
drift, and 


a mim 


b |n? 
| 9 D/n T 


«1. (11.7.24) 


The asymptote of the Hankel function at large argument values can be 
applied. This permits rewriting Equation 11.7.23, to obtain the nonequilibrium 
clusterization the following form: 


t 1 + 4bn2n)3/2 
Jora en l = ( 7 ) (11.7.25) 
it 4bnên no 12bn5 


Discharges in Aerosols, Dusty Plasmas, and Liquids 791 


As seen from Equation 11.7.25, the distribution f (n) is close to the quasi- 
equilibrium value (Equation 11.7.11) at relatively small cluster sizes n < 
1/4bn?. At relatively large cluster sizes n > 1/4bn3, the distribution function 
decreases because of intensive centrifugal losses: 


f(n) «exp (-32°7) (11.7.26) 


In this case the most probable cluster size taking into account the centrifugal 
effect is 


(n) = no, if no >0, (11.7.27a) 
(n) =1/4bn3, if no <0. (11.7.27b) 


11.7.7 Nonequilibrium Distribution Functions f (n, x) of Clusters in the 
Centrifugal Field, Taking into Account the Magic Cluster Effect 


If the quasi-equilibrium distribution is not exponential, the solution of the 
kinetic equation 11.7.21 becomes much more complicated. It can be done nev- 
ertheless, taking into account the similarity of this equation to the Schrodinger 
equation for 1D motion of a particle in a potential field. In this case, the 
factor —1/4n} corresponds to the energy E of a particle in the Schrodinger 
equation, and factor bn corresponds to potential U(x) = bx. In this quantum- 
mechanical analogy, one is looking for solutions of Equation 11.7.21 atn > 0, 
which corresponds to particle penetration in the classically forbidden zone 
where E < U(x). Then the quasi-classical approximation can be applied far 
from the return point when the following criterion is valid: 


ai 
dn /o(n) 


«1. (11.7.28) 


In this criterion of the quasi-classical approximation, another function (n) 
related to the quasi-equilibrium cluster distribution is introduced: 


1/dalnfo\? 13 Info 
= ; 11.7.2 
o 4 ( 3 rA) +o on Tt i ( n 


The criterion of the quasi-classical approximation (Equation 11.7.28) coin- 
cides with Equation 11.7.24 of kinetic domination of clusterization over the 
centrifugal drift and asymptotic simplification of the special Hankel function. 
Solution of the kinetic equation 11.7.21 for the cluster distribution in the cen- 
trifugal field in the framework of this analogy with Schrodinger equation can 
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be found in the quasi-classical approximation as: 


fmax ae exp[— | Vean )dn]. (11.7.30) 


In particular, for the quasi-equilibrium distribution with the magic number 
correction (Equation 11.7.14) AQmax/T > 1in the vicinity of n = nm, one can 
derive the following expression for the actual cluster distribution function in 
the centrifugal field: 


sQ(n) \2 
Qm) |1 tC) 
m(n) © — +bn| | -1| |. 1.7.31 
fn © fin) exp | -F + m Ee ( ) 
ng 


In this relation, fı (n) is the cluster distribution in a centrifugal field without 
magic cluster effect, which is determined by Equation 11.7.25. Note that if 


2 
A 
no ( “nes > 14 4bnĝnm, (11.7.32) 


which usually takes place, then correction related to magic clusters in the 
vicinity of n = nm is 


Rw), (11.7.33) 


fa (n) © fi(n) exp ( 


Example of the cluster size distribution f (n, x) in the centrifugal field is 
shown in Figure 11.9. 


11.7.8 Radial Distribution of Cluster Density 


Based on the distribution function f (n, x) described above, the cluster density 
p(x) can be determined as 


p(x) = i nf (n, x) dn. (11.7.34) 
0 


The total flux of clusters Jo to the discharge periphery (calculated in number 
of molecules in the clusters) can be found by multiplying Equation 11.7.3 by n 
and integrating from 0 to oo. Taking into account the definition of the cluster 
density yields the following equation: 


090 pş [RƏT mv, (n?) = 
b.| a R (; a T ti )| = Jo. (11.7.35) 
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f(n, x) 


FIGURE 11.9 
Typical cluster distribution function in the (n, x)-space. 


Assume formation of the substance A on the axis x = 0, and absorption of 
the substance on the discharge walls. This gives the boundary conditions for 
Equation 11.7.35: p(x = 0) = po, p(x = a) = 0, where a is the discharge tube 
radius. The solution of the homogeneous part of this differential equation is 


mo? pX (n2 
p (x) = po Th p| e| oe |: (11.7.36) 


R Jo (n) Tx) 


Here, Th = T(x = 0) is temperature of the hot zone on the discharge axis. 
Solution of the nonhomogeneous equation (Equation 11.7.35) can be found by 
the variation of constant p(x) = C(x) p (x). Taking into account the boundary 
conditions, it leads us first to the following expression for the total flux: 


[ T(x) mv 
Jo = poDs/ | = o| 
h 


x 2 
‘| i a Jos (11.7.37) 
0 


o (n) T(x) 


The radial cluster density p(x) in centrifugal field can be expressed in the 
integral form: 


rene mv; f (n?) dx x mv 
PERET op | R | m TH) |” ial TOSE 
0 
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X (n?) dx 2 mo? X (n?) dx 
x i DEJ dx/ \ T(x) exp l R i (n) TX) dx 7 


(11.7.38) 


The cluster flux equation 11.7.37 can be simplified for estimations to the 
form: 


Th OlInT 
= Dy — y% 
Jo = poDx T ox 


(11.7.39) 


where T is the temperature in the discharge zone. Equation 11.7.39 shows that 
the cluster flux to the discharge periphery is limited by diffusion of molecules 
A into a zone where large clusters can be formed. 


11.7.9 Average Cluster Sizes 


The average size of clusters moving to the periphery from a given radius x 
can be determined based on the flux j(x,n) in the combined radius-cluster 
size space as 


B To nj(x,n)dn 


ma (11.7.40) 


(n)f 


Application of the above relations for any cluster sizes, including small ones 
(no X 1), requires replacement of the equilibrium average size parameter no 
by an effective one ño, determined as 


1 ð ln fo 1 ð ln fo 
=1 = ; 11.7.41 
ño SR an ) ” ng an ( ) 


For larger clusters (no >> 1), one can see from Equation 11.7.41 that ño ~ no. 
The replacement no —> ño permits using the Fokker-Plank diffusion approach 
for small clusters, where the “mean free path” in the cluster space is compa- 
rable with the characteristic system size. The integrals (Equation 11.7.40) can 
be calculated with the flux equation 11.7.3 to find the average cluster size in 
the centrifugal field: 


2 
mv 
fio + Anm + y ei + an2) 


(nf = 


; (11.7.42) 
MOG 
1+ ra + Anm) 


a = [Anm ]/[A] is the density ratio of magic clusters (n = nm) and molecules A. 
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11.7.10 Influence of Centrifugal Field on Average Cluster Sizes 


The average sizes of clusters moving from the radius x with temperature T (x) 
in the absence of centrifugal forces (mo? /T — 0) can be found from Equation 
11.7.42 as 


(n)f = ño(T) + a(T)nm. (11.7.43) 


At relatively high temperatures, a(T) «nj! and (n) f © ño © 1, which 
means that most molecules move to the discharge periphery. The fraction of 
magic clusters grows with a temperature decrease. Large clusters with sizes 
n > Nm begin dominating in the flux to the discharge periphery, only when 
the temperature exceeds the condensation point Te on 


AQmax 


AT =T, i 11.7.44 
: Mm ( ) 


Centrifugal forces stimulate domination of large clusters in the flux of 
particles to the discharge periphery even at temperatures exceeding the 
condensation point. If the centrifugal effect is strong 


mv, 2 
Ta > 1, (11.7.45) 


then according (Equation 11.7.42), the average cluster sizes become relatively 
large, and can be determined as 


mo? 3 f mv, 
(ny ~ aTM > 1, if ram <1, (11.7.46a) 
2 
MU 
(nf nm if = aT) > 1. (11.7.46b) 


Criterion (Equation 11.7.45) determines the temperature when large clus- 
ters more than molecules are moving to the discharge periphery. The larger 
the value of the centrifugal factor mv, /T, the more this critical temperature 
exceeds the condensation point. For example, the condensation temperature 
of sulfur is Te ~ 550K at 0.1 atm. At large values of the centrifugal factor 
mv. /T when the tangential velocity is close to the speed of sound, the effec- 
tive clusterization temperature reaches the high value of 850 K. The magic 
clusters in this case are sulfur compounds S¢ and Sg. 


11.7.11 Nonequilibrium Energy Efficiency Effect Provided by Selectivity 
of Transfer Processes in Centrifugal Field 


The transfer phenomena does not affect the maximum energy efficiency of 
plasma-chemical processes when there are no external forces and the Lewis 
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number is close to unity. However, strong increases in energy efficiency 
can be achieved in the centrifugal field if the molecular mass of products 
exceeds that for other components. In this case, the fraction of products 
moving from the discharge zone can exceed the relevant fraction of heat. 
It can result in a decrease of the product energy cost with respect to the 
minimum value for quasi-equilibrium thermal systems. As an example, con- 
sider the practically important plasma-chemical process of hydrogen sulfide 
decomposition in thermal plasma with production of hydrogen and elemen- 
tal sulfur (Balebanov et al., 1985; Nester et al., 1985; Harkness and Doctor, 
1993): 


H2S > H? + Sotia, AH = 0.2eV. (11.7.47) 


This process begins in the high temperature thermal plasma zone with 
hydrogen sulfide decomposition forming sulfur dimers: 


H2S > H2+Seoig, AH = 0.2eV. (11.7.48) 


This is followed by clusterization of sulfur in the lower temperature zones on 
the discharge periphery: 


S2 = S4, S6, Sg => Szolid- (11.7.49) 


Minimum energy cost of the process in quasi-equilibrium systems with 
ideal quenching (see Section 5.7.2) is 1.8 eV/mol. The minimum energy 
cost can be significantly decreased when tangential gas velocity in the 
discharge zone is sufficiently high and criterion (Equation 11.7.45) is sat- 
isfied. In this case, selective transfer of the sulfur clusters to the dis- 
charge periphery permits producing hydrogen and sulfur with a minimal 
energy cost of 0.5 eV/mol. Special experiments in thermal microwave 
and RF-discharges with strong centrifugal effects gave a minimum value 
for the energy cost of approximately about 0.7-0.8 eV/mol (Balebanov 
et al., 1985; Krasheninnikov et al., 1986). The optimal reaction tempera- 
ture in this case is about 1150 K, and the effective clusterization temper- 
ature is 850 K. The lowest energy cost discussed above can be achieved 
only if the strong centrifugal effect criterion (Equation 11.7.45) is satis- 
fied in the discharge zone, where the dissociation process takes place. 
If the necessary high gas rotation velocities exist only in the relatively 
lower temperature clusterization zones, the minimum energy cost is some- 
what higher (1.15 eV/mol). The results illustrating the plasma-chemical 
process of hydrogen sulfide decomposition producing hydrogen and ele- 
mental sulfur, and centrifugal effect on its efficiency are presented in 
Figure 11.10. 
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FIGURE 11.10 


Energy cost of H2S dissociation as a function of specific energy input. Nonequilibrium pro- 
cess, modeling. Minimal energy cost in quasi-equilibrium process, modeling. Experiments. (e) 
microwave discharge, 50 kW; (+) RF discharge, 4 kW. 


11.8 Dusty Plasma Structures: Phase Transitions, Coulomb 
Crystals, Special Oscillations 


11.8.1 Interaction of Particles, and Structures in Dusty Plasmas 


The 10-500 nm dust particles may acquire a very large charge Zge = 107—10°e. 
Asa result, the mean energy of Coulomb interaction between them is propor- 
tional to Z3 and can exceed the particle thermal energy. Hence the dusty 
plasma can be highly nonideal with the charged particles playing the role of 
multiply charged heavy ions (Ichimaru, 1982). The strong Coulomb interac- 
tion between particles results in the formation of ordered special structures 
in dusty plasma similar to those in liquids and solids. Critical phenomena 
of phase transitions between “gas” and “liquid” and “liquid” and “solid” 
structures can be observed in dusty plasma as well (Fortov, 2001). The crys- 
talline structures formed by charged particles in dusty plasma are usually 
referred to as Coulomb crystals (Ikezi, 1986; Chu and Lin, 1994; Thomas et al., 
1994). Interaction of charged particles in dusty plasma can provide not only 
space, but also time-space structures. This leads not only to modification of 
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wave and oscillation modes existing in nondusty plasmas, but also to the 
appearance of new modes typical only for dusty plasmas. 


11.8.2 Nonideality of Dusty Plasmas 


Ideal and nonideal plasmas were briefly discussed in Section 6.1.1. In gen- 
eral, the systems of multiple interacting particles can be characterized by 
the nonideality parameter; this is determined as the ratio of the potential 
energy of interaction between particles and neighbors and their average 
kinetic energy. For dust particles with concentration ng, charge Zae, and tem- 
perature Tą, the nonideality parameter (which is also called the Coulomb 
coupling parameter) is 

= Zent : 


T (11.8.1) 
In general, for system of multiple interacting particles, if the nonideality 
parameter is low (T « 1), such a system is ideal (see Section 6.1.1); if r > 1 
the system of interacting particles is referred to as nonideal. The nonideality 
criterion of dusty plasma (Equation 11.8.5) also requires taking into account 
the shielding of electrostatic interaction between dust particles provided by 
plasma electrons and ions. Similar to definition (Equation 11.8.1), the non- 
ideality parameter can be introduced for plasma electrons and ions, taking 
into account that their charge is equal to the elementary charge (Fortov and 
Yakubov, 1994): 
241/3 
e(i) 
Fei) AmteT ay : (11.8.2) 
The nonideality parameter IT is related to number of particles in Debye 
sphere NP, which for or electrons and ions can be expressed as 


1 
3/27 
e(i) 


4 
Nei) = Metis T Dei X (11.8.3) 


where rp is the Debye radius determined by Equation 6.1.4. The number of 
electrons and ions in Debye sphere (Equation 11.8.3) is usually pretty large in 
dusty plasma conditions (and in most plasmas). For this reason, the nonideal- 
ity parameter is small for electrons and ions (T « 1) and thus the electron-ion 
subsystem in dusty plasma can be considered as the ideal one. The dust sub- 
system is also ideal if N n > 1, which means that there are lots of dust particles 
in the total Debye sphere. The dust particles can be considered as additional 
plasma components, which participate in electrostatic shielding and make a 
contribution to the value of the total Debye radius rp: 


1 1 1 1 


=z tat (11.8.4) 


2 2 
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In this relation, rpe, rpi, and rpg are the Debye radii, calculated separately 
for electrons, ions and dust particles (see Equation 6.1.4). In the opposite case 
of NP < 1, the subsystem of dust particles is not necessarily the nonideal one. 
The dusty particles cannot be considered as a plasma component under these 
conditions, and the Debye radius is determined only by electrons and ions. 
The distance between the dust particles can exceed their Debye radius rpg, 
but interaction between them is not necessarily strong because of possible 
shielding provided by electrons and ions. Taking into account this shielding 
(or screening) effect, the modified nonideality parameter for the dust particles 


can be presented as 
Zen! 1 
Tas = -4—4 exp a): (11.8.5) 
0 nr 
d 'D 


where the Debye radius is determined by electrons and ions: Ea = aan + fi 
Thus, the degree of nonideality of the dust particle subsystem is determined 
by combining two dimensionless parameters: Ig (Equation 11.8.1) related to 
the number of dusty particles in their Debye sphere, and the parameter: 


K = 1/n}rp, (11.8.6) 


showing the ratio of the inter-particle distance to the length of electro- 
static shielding (screening), provided by plasma electrons and ions. The 
factor exp(—K) in the nonideality parameter (Equation 11.8.5) describes the 
weakening of the Coulomb interaction between particles due to the shielding. 


11.8.3 Phase Transitions in Dusty Plasma 


When the interaction between the dust particles is strong and the nonideal- 
ity parameter is high, the strong coupling of particles leads to an organized 
structure called the Coulomb crystal. The Coulomb crystallization can be 
qualitatively described by the relatively simple one-component plasma model 
(OCP). The dusty plasma is treated in the framework of the OCP model 
as an idealized quasi-neutral system of ions and dust particles, interacting 
according to the binary Coulomb potential. This model directly does not 
include the electrostatic shielding effect, so K — 0 in the relations (Equa- 
tions 11.8.5 and 11.8.6). The OCP model (see, e.g., Fortov and Yakubov, 1994) 
obviously describes the dusty plasma in terms of the nonideality parameter 
Ta (Equation 11.8.1), because K — 0. According to the OCP model, the dusty 
plasma is not structured and can be considered as “gas” at low values of 
the parameter F < 4. At higher nonidealities T, some particles coupling and 
ordering take place, which can be interpreted as a “liquid” phase. Finally, 
when the nonideality parameter exceeds the critical value F > Fe = 171, the 
3D regular crystalline structure is formed according to the qualitative OCP 
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FIGURE 11.11 
Crystallization curve calculated in the Yukawa model. 


model. The more detailed Yukawa model takes into account shielding of the 
electrostatic interaction between charged particles by plasma electrons and 
ions. This model describes the dusty plasma nonideality, coupling and order- 
ing of dust particles in terms of parameters T4; and K. Interaction between 
dust particles in the frameworks of the Yukawa model is described by the 
Debye-Huckel potential. Numerical calculations give in the phase transition 
to Coulomb crystals at critical values of the nonideality parameters Ig, and 
K, which is illustrated in Figure 11.11 (Meijer and Frenkel, 1991; Stevens and 
Robbins, 1993; Hamaguchi et al., 1997). The Yukawa model results shown in 
Figure 11.11 can be summarized by the following empirical criterion of the 
Coulomb crystallization (Molotkov et al., 2000): 


Tas(1 + K + K?/2) > 106. (11.8.7) 


11.8.4 Coulomb Clusters Observation in Dusty Plasma of Capacitively 
Coupled RF-Discharge 


Detailed observation of the Coulomb clusters is related to the RF CCP dis- 
charges. The RF-discharge was sustained in argon, electrodes were located 
horizontally with the lower one powered and operated as an effective cath- 
ode (see Section 10.6.1). the frequency was about 14 MHz, pressure in the 
range of Torr, particle size about a few micrometers. The particles are nega- 
tively charged in such a discharge (see Sections 11.5 and 11.6), and trapped 
in the sheath space charge near the lower electrode, which act as an effective 
cathode. The particles suspended in the sheath of the RF-discharge are able 
to form the Coulomb crystal structure (Trottenberg et al., 1995). Crystalliza- 
tion of the RF-dusty plasma is usually observed at electron and ion densities 
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FIGURE 11.12 
Horizontal structure of macroparticles achieved near the RF-discharge electrode. 


about 108-10?cm73, and electron temperature in the rage of electronvolts. 
One should note that in the sheath where the Coulomb crystal is formed, 
the electron concentration exceeds that of the ions. A typical example of such 
Coulomb crystals is shown in Figure 11.12 (Morfill and Thomas, 1996). The 
observed space-organized structures can be characterized by the correlation 
function g(r) showing the probability for two particles to be found at a dis- 
tance r from one another. An example of the correlation function g(r) for the 
Coulomb crystal structure observed by Trottenberg et al. (1995) is presented 
in Figure 11.13. The correlation function in the figure substantiates the orga- 
nized structure for at least five coordination spheres. Analysis of this structure 
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FIGURE 11.13 
Correlation function g(r) showing organized structure of Coulomb crystals. 
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shows that dust particles form a hexagonal 2D crystal grid in horizontal lay- 
ers. In the vertical direction, dust particles position themselves exactly under 
one another and form a cubic grid between the crystal planes. The number 
of layers in the vertical direction is limited because of the requirement of bal- 
ance between gravitational and electrostatic forces necessary for suspension. 
When the average distance between particles is of the order of hundreds of 
micrometers, the typical number of layers is about 10-30. Taking into account 
that in the horizontal plane, particles are located several centimeters inside 
the circle, the Coulomb crystal in the RF CCP-discharge can be interpreted as 
2.5D structure. “Melting” of the Coulomb crystals can be initiated by reducing 
the neutral gas pressure or by increasing the discharge power. The crystal- 
liquid phase transition in both cases is due to a decrease of the nonideality 
parameter. 


11.8.5 3D-Coulomb Clusters in Dusty Plasmas of DC-Glow Discharges 


The 3D-quasi-crystal structures were observed in the positive column of DC- 
glow discharge. Similar to the discussed structures in RF CCP-discharges, 
here horizontal layers make 2D crystal grid, and in vertical direction dust 
particles are positioned exactly one under the another forming a cubic grid 
between the crystal planes. In contrast to the case of RF CCP-discharges, 
the vertical size of the 3D-crystal can reach several centimeters in DC-glow 
discharges (Nefedov, 2001). The Coulomb crystals in glow discharges are sta- 
bilized in the standing striations (see Sections 7.4.4 through 7.4.6), where the 
electric field is high sufficiently (about 15 V/cm) to balance gravitation and 
to provide suspension of dust particles. The relatively large thickness of the 
striations (up to several centimeters) results in the quite large vertical size 
of the Coulomb clusters. This gives the possibility to consider them as the 
3D-structures. Coulomb structures were also observed in RF ICP-discharges 
and in nuclear induced dusty plasma (Nefedov, 2001), in atmospheric pres- 
sure thermal plasma at temperature of about 1700 K and even in hydrocarbon 
flames and other systems (Fortov et al., 1999). It is interesting that higher non- 
ideality of dusty plasma and stronger coupling effects can be also be reached 
by decreasing temperature (see Equations 11.8.1 and 11.8.5); this was demon- 
strated in experiments with cryogenic plasmas of DC-glow and RF-discharges 
(Vasilyak et al., 2001; Balabanov et al., 2001). Formation of ordered Coulomb 
structures in dusty plasma of particles charged by UV-radiation was also 
studied in micro-gravity experiments carried out on board of the MIR space 
station (Nefedov et al., 1997; Fortov et al., 1998). 


11.8.6 Oscillations and Waves in Dusty Plasmas: Dispersion Equation 


The presence of dust particles in plasma leads to additional characteristic 
space and time scales even at low levels of nonideality. This makes some 
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changes in the dispersion equations of traditional plasma oscillations and 
waves and also qualitatively creates new modes specific only for dusty plas- 
mas. An example is the modification of the ionic sound dispersion equation 
in dusty plasmas, and also the appearance in these heterogeneous systems 
of a new low frequency oscillation branch, called the dust sound. To analyze 
the waves and oscillations in nonmagnetized dusty plasma the following 
dispersion equation is used: 


2 2 2 
= Ope g Opi y Op å 
(œ — kue)? — yek?vi, (œ — kui)? — yik?vi (œ — kua)? — yak?v%q 


(11.8.8) 


Here, pe is the plasma-electron frequency (Equations 6.1.17 and 6.1.19); 
®pi is the plasma-ion frequency (Equation 6.5.15); pq is the plasma-—dust 
frequency, determined similar to Equation 6.5.15 and taking into account the 
dust particles mass mg and charge Zge; Ue, Ui, Ug are the directed velocities of 
electron, ions, and dust particles; vte, VTi, Uta are the average chaotic thermal 
velocities of electrons, ions and dust particles; y;(e, i,d) are factors related to 
the equation of state for electrons, ions, and dust particles: 


pj = const nj, (11.8.9) 


yj = 1 corresponds to isothermal oscillations of the j component, yj = 5/3 
corresponds to the adiabatic ones. In the absence of direct motion of all 
three components, the dispersion equation of nonmagnetized dusty plasma 
Equation 11.8.8 can be expressed as 


2 2 2 
wW wo. (63) d 
1= PE h Pat 4 ; (11.8.10) 
w? — yek?04,  w? — yik?vh œ? — yak? 04, 


This dispersion equation can be analyzed in different frequency ranges to 
describe the major oscillation branches of dusty plasma. For example, at high 
frequencies w >> kvte >> kuri > kva, the dispersion equation 11.8.9 can be 
simplified to the form: 


2 2 2 

wW w: (6) 
ta Ep e (11.8.11) 

(60) 69) (60) 


Taking into account: ®pe > Wpi > Wpa (because high mass of dust particles 
with respect to electrons and ions), one can conclude that the high frequency 
range is actually not affected by the dust particles and gives the conventional 
electrostatic Langmuir oscillations œw ~ wpe (see Section 6.5.1). Essential effects 
of the dust particles on the plasma oscillation modes can be observed at lower 
frequencies. 
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11.8.7 lonic Sound Mode in Dusty Plasma, Dust Sound 


At low frequencies of electrostatic plasma oscillations kvte > œ > kvt; > 
kuta, dispersion (Equation 11.8.9) can be rewritten as (Ye = 1): 


Doa 
T i (11.8.12) 
P'1+k 73, 


where rpe is the electron Debye radius. When the corresponding wavelengths 
of the oscillations are shorter than the electron Debye radius (krpe > 1), the 
dispersion equation 11.8.11 gives the conventional ion—plasma oscillations 
w © @pi (See Equation 6.5.15). In the opposite case of longer wavelengths 
(krDe X 1), the ionic sound waves œ ~ kcsi take place according to the disper- 
sion equation 11.8.11. Here the speed of ionic sound can be expressed in the 
following form: 


T, A 
Csi = @pitDe = ,f £ = ont + zP). (11.8.13) 


Mi ne 


Here mj is the ionic mass; t = Te/Ti characterizes the ratio of electron and 
ion temperatures; z = |Zq| e? /AmegrgTe is the dimensionless charge of a dust 
particle ofradius rą; P = (4negrgTe/ e*)(ng/Ne) is the density parameter of dust 
particles and is approximately equal to the ratio of the charge density in the 
dust component to the charge density in electron component. As one can see 
comparing Equations 11.8.12 and 6.5.15, the main influence of dust particles 
on the ionic sound is related to the difference in concentration of electrons 
and ions in the presence of charged dust particles when the dimensionless 
parameter zP > 1. Even at lower frequencies of electrostatic plasma oscilla- 
tions kvte >> kuti >> > kvra, the dispersion equation 11.8.9 can be rewritten 
(Ye =1, yi = 1) as 


2a 2 KD 
Pek Ir 
where the Debye radius is determined by electrons and ions: Fa = ie + is 


similar to Equation 11.8.5. When the wavelengths of the oscillations are shorter 
than the Debye radius (krp > 1), the dispersion equation 11.8.11 gives oscil- 
lations with plasma—dust frequency w ~ wpa. In the opposite case of longer 
wavelengths (krp « 1), the dispersion equation 11.8.13 brings us to qualita- 
tively new type of wave, the dust sound œ ~ kcsg, which propagates in the 
dusty plasmas with the velocity: 


papel zP 
= = l 11.8.15 
Sen paD vraj Ta | 1+1(1 +2P) ( ) 
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The speed of the dust sound can exceed the thermal velocity of dust 
particles (which is criterion of its existence) due to the large dust charges 
Za(concurrently the dimensionless dust density is not low). 


E 
11.9 Discharges in Liquids 
11.9.1 General Features of Electrical Discharges in Liquids 


Electrical breakdown of liquids is limited by their high density, short mean 
free path of electrons, and therefore requires very high electric fields E/no (see 
Paschen curves). Nevertheless, breakdown of liquids can be performed not at 
the extremely high electric fields required by Paschen curves but at those only 
slightly exceeding breakdown fields in atmospheric pressure molecular gases. 
The effect can be explained by different electrically induced mechanisms of 
formation of microvoids and quasi-“cracks” in the liquids. Discharge can be 
sustained in water by pulsed high voltage power supplies. The discharges 
in water usually start from sharp electrodes. If the discharge does not reach 
the second electrode it can be interpreted as pulsed corona; branches of such 
a discharge are referred to as streamers. If a streamer reaches the opposite 
electrode a spark is formed. If the current through the spark is high (above 1 
kA), this spark is called a pulsed arc. Various electrode geometries have been 
used for the plasma generation in water for the purpose of water treatment. 
Two simple geometries are point-to-plane and point-to-point. The former is 
often used for pulsed corona discharges, whereas the latter is often used for 
pulsed arc systems. Concern in the use of pulsed discharges is the limitation 
posed by the electrical conductivity of water. In the case of a low electrical 
conductivity of water (below 10 uS/cm), the range of the applied voltage 
that can produce a corona discharge without sparking is very narrow. In the 
case of a high electrical conductivity of water (above 400 uS/cm), streamers 
become short and the efficiency of radical production decreases and denser 
and cooler plasma is generated. In general, the production of OH radicals 
and O atoms is more efficient at water conductivity below 100 1S/cm. For the 
case of tap water, the bulk heating can be one of the problems in the use of 
corona discharges. At a frequency of 213 Hz, the temperature of the treated 
water rises from 20°C to 55°C in 20 min, indicating a significant power loss. 


11.9.2 Mechanisms and Characteristics of Plasma Discharges in Water 


Mechanisms of plasma discharges and breakdowns in liquids (specifically in 
water) can be classified into two groups: the first one presents the breakdown 
in water as a sequence of a bubble process and an electronic process; and 
the second one divides the process into a partial discharge and a fully devel- 
oped discharge such as arc or spark. In the first approach, the bubble process 
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starts from a microbubble, which is formed by the vaporization of liquid by 
local heating in the strong electric field region at the tips of electrodes. The 
bubble grows and an electrical breakdown takes place within the bubble. In 
this case, the cavitation mechanism can explain the slow bush-like stream- 
ers. The appearance of bright spots is delayed from the onset of the voltage, 
and the delay time tends to be greater for smaller voltages. The time lag to 
water breakdown increases with increasing pressure, supporting the bubble 
mechanism in a sub-microsecond discharge formation in water. The time to 
form the bubbles is about 3-15 ns, depending on the electric field and pres- 
sure. The influence of the water electrical conductivity on this regime of the 
discharges is small. Bulk heating via ionic current does not contribute to the 
initiation of the breakdown. The power necessary to evaporate the water dur- 
ing the streamer propagation can be estimated using the streamer velocity, 
the size of the streamer, and the heat of vaporization. Using a streamer radius 
of 31.6 um, a power of 2.17 kW was estimated to be released into a single 
streamer to ensure its propagation in the form of vapor channels. In case of 
multiple streamers, the required power can be estimated by multiplying the 
number of visible streamers to the power calculated for a single streamer. 
In the electronic process, electron injection and drift in liquid take place at 
the cathode, while hole injection through a resonance tunneling mechanism 
occurs at the anode. In the electronic process, breakdown occurs when an 
electron makes a suitable number of ionizing collisions in its transit across 
the breakdown gap. According to the second approach to the mechanisms 
of the electrical discharges in water, they are divided into partial electrical 
discharges and arc and spark discharge, which is illustrated in Table 11.1. In 
the partial discharges, the current is mostly transferred by ions. For the case 
of high electrical conductivity water, a large discharge current flows resulting 
in a shortening of the streamer length due to the faster compensation of the 
space charge electric fields on the head of the streamer. Subsequently, a higher 
power density in the channel is obtained resulting in a higher plasma tem- 
perature, a higher UV radiation, and generation of acoustic waves. In the arc 
or spark discharges, the current is transferred by electrons. The high current 
heats asmall volume of plasma in the gap between the two electrodes generat- 
ing quasi-thermal plasma. When a high voltage-high current discharge takes 
place between two submerged electrodes, a large part of the energy is con- 
sumed in the formation of a thermal plasma channel. This channel emits UV 
radiation and its expansion against the surrounding water generates intense 
shock waves. For the corona discharge in water, the shock waves are weak or 
moderate, whereas for the pulsed arc or spark the shock waves are strong. 


11.9.3 Physical Kinetics of Water Breakdown 


The critical breakdown condition for a gas is described by the Paschen curve 
from which one can calculate the breakdown voltage for air, for example. 
A value of 30 kV/cm is a well-accepted breakdown voltage of air at 1 atm. 


TABLE 11.1 
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Pulsed Corona in Water 


Pulsed Arc in Water 


Pulsed Spark in Water 


Streamer-like channels. 


Streamer-channels do not 
propagate across the 
entire electrode gap, that 
is, partial electrical 
discharge. 

Streamer length in order of 
centimeters, channel 
width ~10-20 pm. 

Electric current is 
transferred mostly by 
ions. 

Nonthermal plasma. 


Weak to moderate UV 
generation. 

Relatively weak shock 
waves. 


Water treatment area is 
limited to a narrow 
region near the corona. 

Pulse energy: a few joules 
per pulse, often less than 
1J per pulse. 

Frequency is about 
100-1000 Hz. 


Relatively low current, 
that is, peak current is 
less than 100 A. 

Electric field intensity at 
the tip of electrode is 
100-10,000 kV/cm. 

A fast-rising voltage on the 
order of 1 ns, but less 
than 100 ns. 


Current is transferred by 
electrons. 


Quasi-thermal plasma. 


Arc generates strong shock 
waves within cavitation 
zone. 

High current filamentous 
channel bridges the 
electrode gap. 

Gas in channel (bubble) is 
ionized. 

High UV emission and 
radical density. 

Asmaller gap between two 
electrodes of ~5 mm is 
needed than that in 
pulsed corona. 

Large discharges pulse 
energy (greater than 1 kJ 
per pulse). 

Large current (about 100 
A), peak current greater 
than 1000 A. 

Electric field intensity at 
the tip of electrode is 
0.1-10 kV/cm. 

Voltage rise time is 1-10 
us. 


Pulse duration ~20 ms 


Temperature exceeds 
10,000 K. 


Similar to pulsed arc, 
except for short pulse 
durations and lower 
temperature. 

Pulsed spark is faster than 
pulsed arc, that is, 
strong shock waves are 
produced. 


Plasma temperatures in 
spark is around a few 
thousand degree Kelvin. 
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When one attempts to produce direct plasma discharges in water, it could be 
expected that a much greater breakdown voltage in the order of 30,000 kV/cm 
might be needed due to the density difference between air and water. A large 
body of experimental data on the breakdown voltage in water shows, how- 
ever, that without special precautions this voltage is of the same magnitude 
as for gases. This interesting and practically important effect can be explained 
taking into account the fast formation of gas channels in the body of water 
under the influence of the applied high voltage (see previous section). When 
formed, the gas channels give the space for the gas breakdown inside the 
body of water. It explains why the voltage required for water breakdown is of 
the same magnitude as for gases. The gas channels can be formed by develop- 
ment and electric expansion of gas bubbles already existing in water as well 
as by additional formation of the vapor channel through fast local heating and 
evaporation. Focus on the second mechanism, which is usually referred to as 
the thermal breakdown. When a voltage pulse is applied to water, it induces a 
current and the redistribution of the electric field. Due to the dielectric nature 
of water, an electric double layer is formed near the electrode, which results in 
the localization of the applied electric field. This electric field can become high 
enough for the formation of a narrow conductive channel, which is heated up 
by electric current to temperatures of about 10,000 K. Thermal plasma gener- 
ated in the channel is rapidly expanded and ejected from the narrow channel 
into water, forming a plasma bubble. The energy required to form and sus- 
tain the plasma bubble is provided by Joule heating in the narrow conductive 
channel in water. The physical nature of thermal breakdown can be related 
to thermal instability of local leakage currents through water with respect to 
the Joule overheating. If the leakage current is slightly higher at one point, 
the Joule heating and hence temperature also grows there. The temperature 
increase results in a significant growth of local conductivity and the leakage 
current. Exponential temperature growth to several thousand degrees at a 
local point leads to the formation of the narrow plasma channel in water, 
which determines the thermal breakdown. The thermal breakdown is a criti- 
cal thermo-electric phenomenon occurring at the applied voltages exceeding 
a certain threshold value when heat release in the conductive channel cannot 
be compensated by heat transfer losses to the surroundings. Thermal con- 
dition of water is constant during the breakdown; water stays liquid away 
from the discharge with the thermal conductivity about 0.68 W/mK. When 
the Joule heating between the two electrodes is larger than a threshold value, 
instability can occur resulting in instant evaporation and a subsequent ther- 
mal breakdown. When the Joule heating is smaller than a threshold value, 
nothing happens but electrolysis and the breakdown never takes place. The 
thermal breakdown instability is characterized by the instability increment 
showing frequency of its development: 


FE? |E 1 
şal Ss De: 3 (11.9.1) 
pCpTo | To RẸ 
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Here, oo is the water conductivity, Ea is the Arrhenius activation energy 
for the water conductivity, E is the electric field, pCp is the specific heat per 
unit volume, To is the temperature, Ro is the radius of the breakdown channel, 
D © 1.5 x 10~’m?/s is the thermal diffusivity of water. When the increment Q 
is greater than zero, the perturbed temperature exponentially increases with 
time resulting in thermal explosion; when Q is less than zero the perturbed 
temperature exponentially decreases with time resulting in the steady-state 
condition. For the plasma discharge in water, the breakdown voltage in the 
channel with length L can be estimated based on the Equation 11.24 as 


DC, pT? L 
—— 11.9.2 

OoE, Ro ( ) 
The breakdown voltage increases with L/Ro. Assuming L/Ro = 1000, it is 
about 30 kV. 


PROBLEMS AND CONCEPT QUESTIONS 


1. Work function dependence on radius and charge of aerosol particles. 
Interpret Equations 11.1.1 and 11.1.3 describing the work function 
dependence on the radius and charge of aerosol particles. Consider 
separately the cases of conductive and nonconductive materials of 
the macro-particles. 

2. Equation of monochromatic photoionization of aerosols. Derive Equa- 
tion 11.1.8 describing the steady-state electron concentration during 
the monochromatic photoionization of monodispersed aerosols. 
The derivation assumes substitution of summation by integration. 
Estimate the accuracy. 

3. Calculation of electron concentration at monochromatic photoionization 
of aerosols. Using the chart Equation 11.1.1, calculate the electron 
density provided by monochromatic photoionization (photon flux 
10141 / cm?s, photon energy E =2eV) of aerosol particles with 
radius 10nm and work function gg ~ Ag = 1eV. Consider two 
particle concentrations na = 103cm73 and Na = 10’cm73. Using 
the same chart, estimate the accuracy of the electron density 
calculations in both cases. 

4. Equation of aerosol photoionization by thermal radiation tail. Analyze 
Equation 11.1.20 describing nonmonochromatic photoionization of 
aerosols in terms of elliptical functions and prove that it is identi- 
cal to Equation 11.1.19 expressed in the form of series. Taking into 
account analytical properties of the elliptical 6-functions, derive the 
asymptotic forms of the differential equation 11.1.20. 

5. Calculation of electron concentration at nonmonochromatic photoioniza- 
tion of aerosols. Calculate the electron concentration provided by 
photoionization of aerosols by thermal radiation. Assume the ratio 
of attachment and photoionization coefficients as constant, the same 
as in the case of monochromatic radiation: a/y = 108cm/s. Con- 
sider monodispersed aerosol particles with radius 10nm, work 
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function ọọ % Ag = 1eV, and the aerosol particle concentration 
na = 10’cm—3. About the nonmonochromatic radiation of the total 
power density 10 W/ cm?, assume that its spectrum corresponds to 
that of a black body with temperature T = 3000 K. 

6. Characteristic monochromatic photoionization time. Calculate the char- 
acteristic time for establishing the steady-state electron concentra- 
tion in the process of monochromatic radiation of mono-dispersed 
aerosol particles. Assume the photon flux 1017 cm72s71, photon 
energy E = 2eV, an aerosol particles radius = 10 nm, a work func- 
tion ¢9 © Ap = 1eV, and an aerosol concentration na = 10’cm73, 
a/y = 108cm/s. 

7. The Einbinder formula. Analyze the Einbinder formula (Equation 
11.2.5), which describes the electron concentration at the thermal 
ionization of aerosols, taking into account the influence of the 
macro-particles charge on the work function. Discuss the applica- 
bility of the Einbinder formula in the case of low average values of 
the macro-particles electric charge. 

8. Thermal ionization of aerosols, stimulated by their photo-heating. Using 
Figure 11.12, calculate the steady-state photo-heating temperature 
of 10um aerosol particles under radiation with power density 
pE = 10”W/m2. Estimate the characteristic time for establishing the 
steady-state temperature. Calculate the average electron concentra- 
tion, which is provided by such photo-heating, if the concentration 
of the aerosol particles is na = 10°cm7. 

9. Space distribution of electron density and electric field around an aerosol 
particle. Consider thermal ionization of a macro-particle of radius 
10um, work function 3 eV, and temperature 1500 K. Find the 
electron concentration near surface of the aerosol particle and the 
corresponding value of the Debye radius PA Calculate the total elec- 
tric charge of the macro-particle, electric field on its surface and on 
a distance 3 um from the surface. 

10. Electrical conductivity of thermally ionized aerosols. Consider thermal 
ionization of an aerosol system with T = 1700K, ra = 10 um, na = 
10*cm~3, Ag = 3eV. Assuming the electron mobility as in atmo- 
spheric air, calculate the electrical conductivity of aerosols as a 
function of the external electric field. Consider the external electric 
field Ee in all three intervals of interest, corresponding the Einbinder 
relation, explicit dependence on Ee, and range of maximum value 
of the electric conductivity. 

11. Macro-particles kinetic parameters. Relations for thermal velocity, drift 
velocity, and diffusion coefficient for positive ions are similar to 
those for electrons (Equations 11.3.7 through 11.3.9). Derive these 
relations for ions in aerosol systems, replacing collisional cross sec- 
tions, mean free paths, and collisional energy losses of electrons by 
those for ions. Analyze the contribution of macro-particles in these 
relations with respect to the contribution of the neutral gas. 

12. Vacuum breakdown of aerosols. Based on Equations 11.3.22 and 
11.3.24, estimate the breakdown voltages of the aerosols. Take the 
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13. 


14. 


15. 


16. 


17. 


18. 


19. 


characteristic parameters from the example in Section 11.3.7. Com- 
pare the result with typical breakdown voltages of discharge gaps 
without aerosols. 

Photoinitiation of pulse breakdown in aerosol systems. Assuming that the 
initial electron concentration sufficient for initiating a pulse break- 
down is about nl = 10cm? , estimate the radiation power density, 
concentration, and radius of the aerosol particles necessary for the 
breakdown initiation. For the numerical estimations use the aerosol 
photoionization data presented in Figure 11.1. 

Quasi-neutral regime of steady-state DC discharge in aerosols. Determine 
aerosol particles sizes and concentration when their contribution to 
the total surface area density ng exceeds that of the long cylindrical 
discharge wall surface. Estimate the maximum critical concentra- 
tion of macro-particles with a 10 ym radius when the quasi-neutral 
regime of steady-state DC discharge is still possible. 
Electron—aerosol plasma regime of heterogeneous discharges. The maxi- 
mum value of the average charge of macro-particles is determined 
by the parameter Zp (Equations 11.4.11 and 11.4.12). Explain the 
dependence of this average macro-particle charge on their size. How 
does the charge density on the surface of aerosol particles depend 
on the radius of macro-particles? 

Electric field of aerosol particles in electron—aerosol plasma. Using 
Figure 11.3, calculate the inherent electric field on the surface of 
aerosol particles as a function of current density in the discharge 
and radius of macro-particles. Compare values of the inherent elec- 
tric field on the aerosol surface at different currents and radii of 
macro-particles with the external electric field in heterogeneous 
discharge. 

Effect of vibrational excitation on kinetics of negative ion-cluster growth. 
The contribution of vibrational excitation of silane molecules 
on the kinetics of negative ion-cluster growth (Equations 2.6.28 
through 2.6.32) is determined by the logarithmic factor A (Equa- 
tion 11.6.5), describing the competition between vibrational exci- 
tation and relaxation. Discuss the sign of this factor A, and 
determine its relation to the effectiveness of vibrational exci- 
tation in the cluster growth process. Estimate the logarithmic 
factor. 

(C) Kinetics of a supersmall particle growth in dusty plasma. Interpret the 
fact that the cubic root of number of atoms N!/9 (not N) increases lin- 
early with time (see Equation 11.6.9). Thus, not mass but the particle 
radius grows linearly with time. As a result, the time for formation 
of the critical size 1000-atom cluster is only 10 times longer than the 
characteristic time of the first ion—molecular reaction. 

Neutral particle trapping in RF-plasma. Using Equation 11.6.11, show 
that the electron attachment time (1/kane) for 2nm particles 
becomes shorter than the residence time. This means that each neu- 
tral particle has a possibility to be charged at least once during 
the residence time. Having a negative charge before recombination 
even for a short time interval (about 1 ms) is sufficient for the particle 
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trapping by the RF-discharge sheath electric field, which explains 
“the neutral particle trapping” effect. 

20. Coagulation of neutral nanoparticles in plasma. Analyze the summation 
(Equation 11.6.22) of partial recombination rates that describes the 
coagulation of nanoparticles. Demonstrate the divergence of this 
sum, and explain the physical limitation of the divergence. Replac- 
ing the summation by integration, estimate the coagulation rate of 
neutral nanoparticles (Equation 11.6.22). 

21. The a-y transition during dusty plasma formation. The a-y transition, 
including the sharp growth of electron temperature and decrease of 
electron density, is related to the contribution of electron attachment 
to the particles surfaces and occurs during coagulation. The total 
surface of particles decreases during the coagulation because while 
their diameters grow the total mass remains almost fixed. Give your 
interpretation of the phenomenon. Does it depend on the particle 
material? 

22. Clusterization process as diffusion in space of cluster sizes. At tempera- 
tures exceeding that of condensation, evolution of clusters is mostly 
due to atom attachment and detachment processes: Ay_; +A & 
An. Show that the diffusive flux of clusters along the axis of their 
sizes n can be expressed in the linear Fokker—Plank form (Equation 
11.7.5). Analyze the applicability of the flux to the condensation. 

23. Magic clusters. The effect of magic clusters—relatively high concen- 
tration of clusters with some specific sizes—is negligible at very 
high temperatures. Show that this effect becomes significant only at 
temperatures slightly exceeding the condensation point determined 
by Equation 11.7.15. 

24. Kinetic equation for nonequilibrium clusterization process in centrifu- 
gal field. Based on Equation 11.7.20, derive the Fokker—Plank type 
equation 11.7.21 for the distribution function y(n) = f n) / V fo), 
taking into account the diffusion along the n-axis of cluster sizes 
and centrifugal drift along the radius x. 

25. Cluster flux to discharge periphery. Simplifying integration in the rela- 
tion (Equation 11.7.37), derive Equation 11.7.39 for the cluster flux. 
Interpret the formula, taking into account that the cluster flux to the 
discharge periphery is limited by diffusion of molecules into a zone 
where the sufficiently large clusters can be formed. Using Equation 
11.7.39, estimate typical numerical values of the cluster flux. 

26. Effective clusterization temperature as a function of centrifugal factor 
mv? /T. Ata pressure 0.1 atm and high centrifugal factor mv /T x1, 
the effective clusterization temperature in sulfur (formation of Se 
and Sg) is about 850 K. Taking into account that the condensation 
temperature of sulfur is Te © 550 K at 0.1 atm, calculate the effective 
clusterization temperature for sulfur as a function of the centrifugal 
factor at tangential velocities below the speed of sound. 

27. Nonideality criterion of dusty plasmas. The nonideality of a dusty 
plasma (strong coupling of dust particles) takes place when the 
parameter Tg; (Equation 11.8.5), including plasma shielding of 
interaction between particles, is sufficiently large. Explain why the 
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Debye radius, describing the shielding, combines the effect of elec- 
trons, ions, and dust particles (Equation 11.8.4) in the case of ideal 
dusty plasma, and does not include a contribution of the particles 
in the nonideal case (Equation 11.8.5). 

“Melting” of coulomb crystals. “Melting” of the 2D-Coulomb crystals 
in RF CCP-discharges can be initiated by reducing the neutral gas 
pressure or by increasing the discharge power. Explain how the 
change of pressure and power leads to a decrease of the nonideality 
parameter and to the crystal—liquid phase transition. 

Plasma-dust frequency. Using the one-component plasma model 
(OCP, see Section 11.8.3), derive a formula for the plasma-dust fre- 
quency wpd: Interpret this frequency and analyze its relation to the 
Debye radius. From this point view, compare the ideal and nonideal 
dusty plasmas. 

Ionic sound in dusty plasma. Based on dispersion (Equation 11.8.11), 
derive Equation 11.8.12 for the speed of the ionic sound in dusty 
plasma. Make the derivation both in terms of difference of electron 
and ion concentrations in dusty plasma, and in terms of the product 
zP of dimensionless charge of dust particles and their dimension- 
less concentration. Give numerical examples of calculations of Csi 
using Equation 11.8.12. Compare the speed of ionic sound under 
similar plasma conditions with and without dust particles. Con- 
sider cases of predominantly positive and negative charging of the 
dust particles. 

Dust sound wave in plasma. The dust sound is the propagation of low 
frequency waves in dusty plasma at wavelengths exceeding the 
Debye radius rp with the speed determined by Equation 11.8.14. 
Show that the dust sound can exist only if its velocity exceeds 
the thermal one for dust particles. Derive the existence criterion 
of the dust sound and determine the minimum concentration of 
dust particles necessary for this wave. 
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Electron Beam Plasmas 


12.1 Generation and Properties of Electron-Beam Plasmas 
12.1.1 Electron-Beam Plasma Generation 


This plasma is formed by injection a cylindrical or plane electron beam with 
electron energies usually ranging from 10 keV to 1 MeV into a neutral gas. 
A general scheme of the electron beam plasma generation is illustrated in 
Figure 12.1 (Bykov et al., 1993). A thin cylindrical electron beam is formed 
by an electron gun located in a high-vacuum chamber. The beam is injected 
through a window into a gas-filled discharge chamber, where the high-energy 
electrons generate plasma and transfer energy into the gas by various mech- 
anisms depending on pressure, beam current density, electron energy, and 
plasma parameters. Total energy losses of the electron beam in a dense gas 
due to interaction with neutrals along its trajectory (z-axis) are 


1 dE 
-pg LO, (12.1.1) 


where ng is the neutral gas density; E is the electron energy; L(E) is the electron 
energy loss function, which is well known for different gases and mixtures. 
Asanexample, the L(E) function for nitrogen is shown in Figure 12.2 (Vasiliev, 
2000). For calculations of the electron energy loss function L(E), itis convenient 


to use the numerical Bethe formula, which can be applied even for relativistic 
electron beams (although not for the strong relativistic case) 


A [1 + (E/mc?)] i 1.17E 


ASETE Te 


(12.1.2) 


In this relation, m is the electron mass, c is the speed of light, Iex is the 
characteristic excitation energy (which is equal to 87 eV for air, 18 eV for 
hydrogen, 41 eV for helium, 87 eV for nitrogen, 102 eV for oxygen, 190 eV 
for argon, 85 eV for carbon dioxide, and 72 eV for water vapor). The factor A 
depends only on gas composition, for example, inair A = 1.3 x 107! eV?cm?. 
If the kinetic energy of electrons exceeds mc? (which numerically is about 0.5 
MeV), such electrons are called relativistic, and their beam is usually referred 
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FIGURE 12.1 
Electron beam generator. (a) General schematic. (b) Foil window. (c) Differential pumping 
window. 


to as the relativistic electron beam. Dynamic analysis of such beams definitely 
requires consideration of the special effects of relativistic mechanics. 


12.1.2 Ionization Rate and lonization Energy Cost at Gas Irradiation by 
High Energy and Relativistic Electrons 


The rate of ionization provided by an electron beam with current density 
jb in a unit volume per unit time was discussed in Section 2.2.5 in terms of 
the effective ionization rate coefficient. Now the same ionization rate can be 


L(E)-10-", eV - cm? 


10! 


10! 10? 10 E,eV 


FIGURE 12.2 
Electron energy losses function in nitrogen, different calculations. 
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determined using the fast electron energy losses dE/dz as 
Je = -— =. (12.1.3) 


Here, Uj is the energy cost of an electron-ion pair formation (the ioniza- 
tion energy cost). If the beam electron energy is in the range of 0.01-1 MeV, 
the ionization energy cost has an almost constant value, which is given in 
Table 12.1. The electron-beam plasma has a complicated composition includ- 
ing charged, excited atomized, and other species. To analyze the concentration 
of these species, it is convenient to consider the electron beam as their source 
and specify the energy cost of their formation. 


12.1.3 Classification of Electron-Beam Plasmas According to 
Beam Current and Gas Pressure 


Independent changes in the current density of electron beam and neutral gas 
pressure results in qualitatively different regimes of electron beam plasmas, 
which can be classified as follows: 


1. Powerful electron beam at low pressure gas. Here electron beam energy 
losses are mostly due to the beam instability or the Langmuir paradox 
(see Section 6.5.7), when the electron beam energy can be trans- 
ferred by nonlinear beam-plasma interaction into the energy of 
Langmuir oscillations. This regime usually takes place when the elec- 
tron beam current and beam current density are sufficiently high 
(Ip > 1A, jp > 100 A/ cm?), while pressure is relatively low, less than 
a few Torr. This system is called the plasma-beam discharge. Plasma 


TABLE 12.1 


Ionization Energy Cost at Neutral Gas Irradiation 
by an Electron Beam with Energy 0.1-1 MeV 


Gas Ionization Cost (eV) 
Air 32.3 
Argon 25.4 
Carbon dioxide 31.0 
Helium 27.8 
Hydrogen 36.0 
Krypton 22.8 
Nitrogen 35.3 
Oxygen 32.0 


Xenon 20.8 
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in this discharge can be characterized by high degrees of ioniza- 
tion (a = ne/no > 107°), and electron temperatures of several electron 
volts. 


2. Low-current electron beam in rarefied gas. This regime is related to cur- 
rent densities jp < 0.1 A/cm? and pressures below 1 Torr. In this case, 
the beam instability is ineffective and the plasma-beam discharge can- 
not be sustained. The degree of ionization is low (a = ne/no < 1077), 
and the temperature of plasma electrons is also low and close to the 
neutral gas temperature. 


3. Moderate-current electron beam in a moderate pressure gas. Current den- 
sity of an electron beam in this regime is in the range 0.1 A/cm? 
and 100 A/cm2, with pressures from 1 Torr to 100 Torr. The degree of 
ionization depends on pressure and beam density and can vary in the 
wide range between 1077 and 107°. In this case, the electron temper- 
ature is determined by the beam degradation in nonelastic and then 
elastic collisions. Specific energy input in these systems is usually rel- 
atively low, and translational temperature does not grow significantly 
during the electron beam interaction with a portion of neutral gas. 
Thus the discharge can be considered as a nonequilibrium discharge. 


4. High-power electron beam in a high-pressure gas. This regime is related 
to high current densities jẹ > 100 A/cm? and pressures above 100 
Torr. The degree of ionization and electron temperatures are similar 
to those for in the case of moderate pressures and currents. How- 
ever, high values of beam power and specific energy input result in 
more intensive relaxation and neutral gas heating. In this regime, the 
gas temperature distribution is determined not only by pressure and 
beam density, but also by the heat exchange between plasma zone and 
environment. Hence in the stationary situation, this electron-beam 
plasma is thermal; local temperatures can exceed 10,000 K. 


12.1.4 Electron-Beam Plasma Generation Technique 


The electron beam injectors for electron-beam plasma generation can be 
arranged using direct electrostatic accelerators, although other types of accel- 
erators can be applied as well (Humphries, 1990; Fridman et al., 1996). To 
generate beam of electrons with energies not exceeding 200-300 keV, the 
injectors can be based on electron guns with thermionic, plasma, or field- 
emission cathodes. Power can be supplied, by special transformers with 
AC-DC conversion. Electron beams are formed in a vacuum, and then trans- 
mitted across the inlet system (window) into the dense gas chamber to 
generate plasma. These inlet systems, windows, are usually arranged in one 
of two following ways: the foil-windows, and the lock systems with differ- 
ential pumping. General schematic of both inlet systems are illustrated in 
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Figure 12.2. The application of foil-windows for nonrelativistic continuous, 
concentrated electron beams has complications related to possible high ther- 
mal flux, thinness of the foil for electron energies below 300 keV, chemical 
aggressiveness of gases in plasma-chemical systems. 


12.1.5 Transportation of Electron Beams 


An advantage of plasma-chemical applications of the high energy and 
relativistic electron beams is related to the long distance of their decay even 
in high-pressure systems. Transportation length of the high energy and rela- 
tivistic electron beams in dense gases is determined by energy losses due to 
ionization and excitation of atoms and molecules, which was described by 
Equations 12.1.1 and 12.1.2. For practical calculations, it is convenient to use 
the following numeric relation, describing the total length L (in meters) for 
stopping a high-energy electron along its trajectory: 


T 
L= AE 2. (12.1.4) 
p 


In this relation, Tp is gas temperature in K, p is gas pressure in Torr, Epo is 
initial electron energy, A is a constant, which depends only on gas compo- 
sition; for air, A = 1.1 x 1074. The electron beam transportation can also be 
limited by collisionless effects related to beam instability, electrostatic repul- 
sion of the beam electrons, and magnetic self-contraction. The first of these 
effects implies that the electron beam energy transfers to electrostatic Lang- 
muir oscillations. This high-current low-pressure effect was mentioned above 
as the first regime of the electron-beam plasma generation. The second and 
third effects are related to the electric and magnetic fields of the beam. The 
force pushing a peripheral beam electron in a radial direction away from axis 
(combining electric and magnetic components) is 


Nebrpe? 


FEF = ——— 
220 


a-p? — fe). (12.1.5) 


In this relation, rp is radius of the cylindrical beam, ne is the electron den- 
sity of the beam (or beam plasma), 8 = u/c is the ratio of beam velocity to the 
speed of sound, fe = 1i/Neb is the beam space charge neutralization degree 
(ni is the ion density). If fe > 1 — $2, which is usually valid in dense gases, 
the generated plasma neutralizes the electron beam space charge and the 
magnetic field self-focuses the beam. If the high current electron beam is not 
neutralized, it can be destroyed by its own electric field. To provide effective 
beam transportation in such conditions, special focusing systems, in partic- 
ular electrostatic lenses, can be applied (Fridman and Rudakov, 1973). When 
an electron beam is neutralized (fe = 1), its current value cannot exceed a 


820 Plasma Physics and Engineering 


critical value known as the Alfven current 


me? 
a = >——,  Ia(kA) = 178y, (12.1.6) 
AnegeBy 


where y = 1/,/1 — 6? is the relativistic factor. The Alfven current gives the 
inherent magnetic field of the beam, which makes the Larmor radius (Equa- 
tion 6.2.25) less than half the beam radius and stops the electron beam 
propagation. More details regarding the transportation of relativistic electron 
beams with very high current can be found in Mesyats et al. (2000). 


12.2 Kinetics of Degradation Processes, Degradation 
Spectrum 


12.2.1 Kinetics of Electrons in Degradation Processes 


In the case of electron beam energy degradation, it is convenient to operate not 
in terms of probability for any electron to have some given energy E, which is 
f(E) dE, but rather in terms of the degradation spectrum, which is the number 
of electrons Z(E) dE, having some given energy E during the degradation of 
a single initial high-energy electron. This approach is called the degradation 
spectrum method and was successfully applied in describing the kinetics of 
stopping processes of not only electrons, but also energetic ions, photons, 
and neutrals (Alkhazov, 1971; Gudzenko and Yakovlenko, 1978; Nikerov and 
Sholin, 1978a,b, 1985; Sholin et al., 1980; Vysotsky and Soshnikov, 1980, 1981). 


12.2.2 Energy Transfer Differential Cross Sections and Probabilities 
during Beam Degradation Process 


The degradation process of an energetic beam is determined by a group of 
elastic and inelastic collision processes of an electron (in principle, it can be 
generalized to energetic ions, photons, and neutrals) with background par- 
ticles, which can be considered at rest. Each of the degradation processes 
“k” is characterized by the total cross section o,(E), and the differential 
cross section o;,(E, AE), where E is the electron energy during degradation, 
and AE is the electron energy loss during the collision. Normalize the dif- 
ferential cross section ox,(E, AE) to the number of electrons formed after 
collision (Nikerov and Sholin, 1985). The degradation, which does not change 
the number of electrons (e.g., excitation processes), has the conventional 
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normalization equation 
+00 
| ox(E, AE) 


d(AE) = 1. 12.2.1 
sab MAE) (12.2.1) 


Ionization that doubles the number of electrons has the corrected normal- 
ization equation 


+oo 

ok (E, AE) 

———_ d(AE) =2, 12.2.2 
| ma d(AE) (12.2.2) 


and the electron-ion recombination and electron attachment processes, where 
the degrading electron disappears, have the normalization 


+00 
| ox(E, AE) 


d(AE) = 0. 12.2.3 
sey ( ) 


Then the differential probability for an electron with energy E to lose the 
energy portion AE in the collision process “k” can be determined as 


ox (E, AE) 
5B Om(E) l 


The corresponding value of the total probability for an electron with energy 
E to participate in the collision process “k” can be found as 


joey (12.2.5) 


ds om(E) 
Probabilities (Equations 12.2.4 and 12.2.5) can be determined only if 
> om(E) > 0, that is, above the energy threshold of the degradation processes; 
otherwise the above probabilities should be considered as zero. 


pr(E, AE) = (12.2.4) 


12.2.3 The Degradation Spectrum Kinetic Equation 


The degradation spectrum Z(E) can be determined as the average number of 
particles (electrons in our case), which appears during the whole degradation 
process in the energy interval E — E + dE. Then the kinetic equation for the 
degradation spectrum can be presented in general as 


Z(E) = | p(W,W — E)Z(W) dW + x(E), (12.2.6) 
0 
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with boundary condition Z(E — oo) = 0. In this equation, x (E) is the source- 
function of high-energy electrons. If the degradation process is started by 
the only electron with energy Eo, the source function is determined by the 
delta-function, x(E) = 8(E — Eo). Finally, p(W, W — E) in Equation 12.2.6 is 
the total probability of formation of an electron with energy E by collision of 
an electron with initial energy Wand the energy loss AE = W — E: 


pW, W — E) = Ý ` pm(W, AE = W - E). (12.2.7) 


At low energies (electron energies below the lowest excitation threshold), 
when the collision cross sections can be neglected, the degradation spectrum 
coincides with the change of the electron energy distribution at the final and 
initial moments of the degradation process (Nikerov and Sholin, 1985): 


Z(E) = f(E, t > 00) — f (E, t > 0). (12.2.8) 


Thus, assuming the absence of the initial electron energy distribution func- 
tion (EEDF), f(E,t —> 0) — 0, one can conclude the equality of EEDF and 
degradation spectrum of electron beam under the excitation threshold. 


12.2.4 Integral Characteristics of Degradation Spectrum, 
Energy Cost of a Particle 


The degradation spectrum Z(E) is helpful in calculating many important 
integral characteristics of high-energy electron interaction with materials. 
For example, integration of the degradation spectrum gives, based on Equa- 
tion 12.2.5, the total number of specific collisions “k” (ionization, excitation, 
dissociation, etc.) per one initial high-energy degrading electron: 


CO 


Nee | rEZ AE = | ZŒ) ok (E)dE 
0 


=, (12.2.9) 
X om(E) 

Assuming the initial energy of a beam electron as being equal to Eo, the 
“energy cost of the specific collision k” (ionization, excitation, dissociation, 
etc.) is: 


E E 
in 0 0 


WB (12.2.10) 
K f pe(E)Z(E)AE 
0 


12.2.5 The Alkhazov’s Equation for Degradation Spectrum of High-Energy 
Beam Electrons 


Different variations of the degradation kinetic equations were developed for 
different special degradation problems. The Fano-Inokuti approach is close to 
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the one discussed above, but includes integration over energy losses instead 
of electron energies, and is referred to as the differential electron free-path 
approach (Fano, 1953; Spencer and Fano, 1954; Inokuti, 1971, 1974, 1975; Rau 
et al., 1978; Douthart, 1979). Another approach called the Green model was 
successfully applied to describe the degradation of high-energy electrons in 
the upper atmosphere. This approach divides the electrons into three degrada- 
tion cascades: primary, secondary, and tertiary; it then considers degradation 
in each cascade separately (Green and Barth, 1965, 1967; Stolarsky and Green, 
1967). The simplest and the most effective approach to degradation kinetics of 
high-energy electron beams was proposed by Alkhazov (1971) and developed 
by Nikerov and Sholin (1985). In this case, the general degradation spectrum 
equation 12.2.6 is specified in the following form, known as the Alkhazov’s 
equation: 


Z(E) = yee + Ux)Z(E + Ug) + | pi(W, W — E)Z(W) dW + &(E — Ep). 
k EVI 
(12.2.11) 


The boundary condition for the equation is again Z(E — oo) = 0. In Alk- 
hazov’s equation, Pex (E + Ux) is the probability of excitation of an atom 
into the kth excited state in a collision with an electron having energy E + Uk; 
pi(W, W — E)is the differential probability of ionization of an atom in collision 
with an electron having initially kinetic energy W and during collision losing 
energy, AE = W — E; I and U; are, respectively, the ionization potential and 
the excitation energy of the kth state; §(E — Eo) is the delta function describing 
the source of degradation, the initial electron with high energy Eg. A simple 
solution of Alkhazov’s equation can be obtained in the Bethe-Born approxi- 
mation assuming only the ionization by primary electrons (Alkhazov, 1971): 


o(E) R? In(cE) 
LEN ig m( 2) 
2I* 


In this relation, L(E) ~ (16R*/E) In(./e/2{E/I*}) is the function characteriz- 
ing electron energy losses; o(E) ~ (4R JEN? In(cE) is the total cross section of 
inelastic collisions for an electron with energy E; R = 13.595 eV is the Rydberg 
constant; X2 = 0.7525 is the square of the matrix element for the sum of tran- 
sitions into continuous and discrete spectra; factor c = 0.18 eV; I* = 42 eV is 
the characteristic excitation potential (numerical data are given for helium). 


ZŒ) = 


(12.2.12) 


12.2.6 Solutions of the Alkhazov’s Equation 


The analytical solution of Alkhazov’s equation gives only a qualitative 
description of degradation spectrum. Numerical solutions of Alkhazov’s 


824 Plasma Physics and Engineering 


EZ(E) T T T T 


He 
Ey = 1230 eV 


1 
O 246 49.2 123 246 492 E,eV 


(b) Zev T T T T T (c) Zev TT 
* 
104 AN H, 4 10%. Fy 7 
* N 
sL * Eo = 1 MeV 
10° a Ey=1MeV 4 19 \ 
* 
10? \ 1Ke 4 102} \ J 


* * y 
10! ` N - 10! f \ 7 
* 
à x | oL J 
10' \ ” 10 x 
* 
N 


1 1071 Ee 
107 J L J 
K- Fk- F k-e- 
1072 fi fi fi fi i 1072 fi | fi fi fi 
10° 10! 102 10? 104 10° E, eV 10° 10! 10? 10° 10* 10° E,eV 
FIGURE 12.3 


Degradation spectra in (a) helium, (b) hydrogen, (c) fluorine. Stars—numerical calculations. 
Curves—analytical calculations. 


equation for electron beam degradation in helium, hydrogen, and fluorine 
are presented in Figure 12.3 (Alkhazov, 1971; Nikerov and Sholin, 1978a,b). 
Alkhazov’s equation can also be solved analytically with sufficient accuracy 
by using special analytical approximations for cross sections of the collision 
processes. These results are also presented in Figure 12.3 in comparison with 
numerical solutions. Accurate estimations of the degradation spectrum above 
the ionization threshold can be achieved by using the following formula 
(Nikerov and Sholin, 1985): 


2 
216) = 4 pe fas = (F+2)]. (12.2.13) 


I | +I? Erp” 


For estimations of the degradation spectrum below the ionization threshold: 


1 


Once determined, the degradation spectra for the electron beam stopping 
can be applied for calculating the ionization and excitation energy costs and 
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TABLE 12.2 


Integral Production of Ions and Excited Molecules by 
Degradation of an Electron 


Initial Electron Energy in 


Molecular Hydrogen 
State of Molecule 1 MeV 1keV 
Tonized 3.06 x 104 29.6 
Ho (=) 1.10 x 104 10.7 
Hy (BEF) 1.43 x 104 13.9 
H¢ (vibrationally excited) 1.84 x 10° 187 


total number of ions and excited species produced by one high-energy elec- 
tron equations (Equations 12.2.9 and 12.2.10). The results of such calculations 
in hydrogen are presented in Table 12.2. 


B 
12.3 Plasma-Beam Discharge 
12.3.1 General Features of Plasma-Beam Discharges 


In this case, the electron beam does not directly interact with the neutral gas. At 
first itinteracts with Langmuir plasma oscillations, which subsequently trans- 
fer energy through electrons to neutrals. The electron beam can be considered 
as a source of microwave oscillations, which then sustain the “microwave 
discharge.” In contrast to conventional microwave discharges, the source of 
electrostatic oscillations is present inside of plasma, which excludes the skin- 
effect problems. This plasma-beam discharge requires high beam currents and 
current densities (Ih > 1A, jp > 100 A/cm?), and pressures below few Torr. 
The discharge is stable and efficient over a wide range of pressures (104-3 
Torr), and powers (0.5-10 kW). The degree of ionization varies widely 104- 
1, as well as electron temperature 1-100 eV (Ivanov, 1975, 1982; Ivanov and 
Nikiforov, 1978; Ivanov and Soboleva, 1978; Krasheninnikov and Nikiforov, 
1982; Berezin et al., 1995). The physical basis of the beam instability is related 
to the collisionless interaction of electrostatic plasma waves with electrons 
discussed in Section 6.5.5. Injection of an electron beam into a plasma cre- 
ates the distribution function illustrated in Figure 6.24, where the derivative 
Equation 6.5.23 is positive. As was shown in Section 6.5.5, this corresponds to 
energy transfer from the electron beam and exponential amplification of elec- 
trostatic plasma oscillations. The electron beam transfers energy to Langmuir 
oscillations until EEDF continuously decreases. The increment of the beam 
instability, describing the exponential growth of the Langmuir oscillation, can 
be calculated from Equation 6.5.28. 
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12.3.2 Operation Conditions of Plasma-Beam Discharges 


Plasma-beam discharges are based on complicated self-consistent series of 
physical processes: beam instability and energy transfer from the electron 
beam to Langmuir oscillations, then energy transfer from electrostatic oscil- 
lations to plasma electrons, and finally energy transfer from plasma electrons 
to neutral components, which determines ionization and, therefore, the effec- 
tiveness of beam instability. As a result, effective operation of plasma-beam 
discharges requires very delicate and precise choice of system parameters. 
The principal operation condition of plasma-beam discharges requires beam 
energy dissipation into Langmuir oscillations to exceed beam energy losses 
in electron—neutral collisions. In molecular gases this requirement can be 
expressed (Krasheninnikov and Nikiforov, 1982) as 


2h 
SEY (=) ft (12.3.1) 
Eb Vbn VeV 


In this relation, vey is the vibrational excitation frequency; fiw is a vibra- 
tional quantum; vpn is the frequency of beam electrons collisions with neutral 
particles; & is the average energy loss of a beam electron during its collision 
with a neutral particle; np is density of the beam electrons; wpp is plasma 
frequency corresponding to the beam electron density: 


2 
Opp =f E, (12.3.2) 
eom 


The criterion (Equation 12.3.1) of collisionless losses domination restricts 
the operational pressure of the plasma-beam discharge below the level of a 
few Torr. The second condition of effective plasma-beam discharge operation 
is related to energy transfer from Langmuir oscillations to plasma electrons. 
The dissipation of Langmuir oscillations can be provided (especially at low 
pressures) by the modulation instability. This instability leads to a collapse 
of the Langmuir oscillations, and energy transfer along the spectrum into the 
range of short wavelengths. Energy of the short-wavelength oscillations can 
be then transferred to plasma electrons due to the Landau damping. This 
dissipation mechanism of Langmuir oscillations, based on the modulation 
instability, however leads to significant energy transfer to “too energetic” 
plasma electrons from the far tail of the EEDF. Such electrons with energies 
exceeding the ionization potential are not very effective in plasma-chemical 
processes, especially in those related to vibrational excitation. This makes the 
modulation instability undesirable. A more effective dissipation mechanism 
of Langmuir oscillations for plasma-chemical processes is related to Joule 
heating, which results in uniform energy transfer to plasma electrons along 
the energy spectrum. Electron energy transfer in Coulomb collisions from 
high to low energies takes place only at a degree of ionization exceeding 
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a * 0.1. Then the domination of the Joule dissipation over the dissipation 
related to the modulation instability requires the electron—neutral collision 
frequency to be higher than the increment of modulation instability. This 
leads to the following criterion of effective energy transfer from Langmuir 
oscillations to low energy (1-3 eV) plasma electrons (Krasheninnikov and 
Nikiforov, 1982): 


1. 12.3.3 
a Te Maa ( ) 


(= ) 412 Ro M Vey 
Ven 

Here m and M are the masses of electrons and heavy particles, respectively. It 
is important that in contrast to the requirement (Equation 12.3.1), the criterion 
(Equation 12.3.3) determine the low limit of gas pressure for effective plasma- 
chemical operation of plasma-beam discharges. 


12.3.3 Plasma-Beam Discharge Conditions Effective for Plasma-Chemical 
Processes 


At low pressures (high values of the parameter (w/Ven), when criterion (Equa- 
tion 12.3.3) is not valid, the electron beam effectively transfers energy into 
Langmuir oscillations. However, in this case, the Langmuir oscillations dis- 
sipate most of their energy only to high-energy electrons, which results in 
high-energy-cost radiation-chemical effects. A similar situation takes place at 
relatively high pressures (low values of the parameter (w/Ven), when criterion 
(Equation 12.3.1) is not valid. In this case, beam instability is suppressed by 
direct electron—-neutral collisions, and the chemical effect is provided only by 
relatively low-energy-efficiency radiation-chemical processes (Atamanov et 
al., 1979). The optimal conditions for plasma-chemical applications of plasma- 
beam discharges in molecular gases require both criteria (Equations 12.3.1 and 
12.3.3) to be valid. This brings us to the relatively moderate pressures of about 
1 Torr. Even in the narrow pressure range, stimulation of chemical reactions 
through vibrational excitation of molecules requires sufficient specific power 
of the discharge: 


oE? > veynelhiw. (12.3.4) 


To satisfy this requirement, a high level of Langmuir noise W should be 
achieved: 


W egE2 _ Vey hw 


= > A 12.3.5 
NeTe 2neTe ~ Ven Te ( ) 


The level of Langmuir noise W/neT should exceed 10-3 to provide effec- 
tive vibrational excitation of molecules. The dependence of degree ionization, 
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Dependence of ionization degree ne/no (—), relative Langmuir noise W/neTe (-: — --), and 


average electron energy (e) (---) on vibrational temperature Ty. 


level of Langmuir noise W/neTe, and the average electron energy in the 
plasma-beam discharge is shown in Figure 12.4 for hydrogen as a function of 
vibrational temperature for two different values of the parameter W /p, where 
p is the gas pressure (Krasheninnikov, 1980; Ivanov, 2000). From this figure, it 
is seen that higher vibrational temperatures obviously correspond to higher 
electron concentrations (degree of ionization), which, however, correspond 
to lower values of W/neTe and average electron energy. 


12.3.4 Plasma-Beam Discharge Technique 


A general schematic of a plasma-chemical reactor based on the plasma-beam 
discharge is shown in Figure 12.5 (Ivanov and Nikiforov, 1978). The discharge 
chamber is quite large; its internal diameter is 50 cm, length is 150 cm. At 
10 mTorr the flow rate is about 30 cm3/s; the pressure in the electron gun 
chamber is about 10° Torr and sustained by differential pumping. An elec- 
tron beam with a maximum power 40 kW is transported into the discharge 
chamber shown in this figure along the magnetic field of 300 kA /m; the energy 
of beam electrons is 13 keV. In this system, the electron concentration sustained 
in the plasma-beam discharge is about 5 x 10!3cm~° at a discharge power of 
3 kW. Experiments with the plasma-beam discharge show that the effective- 
ness of the electron beam dissipation in plasma at fixed beam power strongly 
depends on the electron concentration np and energy Ep in the electron beam. 
An increase of the electron energy Ep in the beam leads to lower effectiveness 
of the beam relaxation. Conversely an increase of the electron concentration np 
results in higher effectiveness of the beam relaxation. The maximum fraction 
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FIGURE 12.5 
General schematic of a plasma-beam discharge. 


of the beam power absorbed in plasma in these experiments reached 71% 
(Alekseew et al., 1979). 


12.3.5 Plasma-Beam Discharge in Crossed Electric and Magnetic Fields, 
Plasma-Beam Centrifuge 


The general aspects of the plasma centrifuges, where the ionized gas rotates 
fast in crossed electric and magnetic fields, and effects of gas separation were 
discussed in Section 7.5.3. A specific feature of the plasma centrifuge, based 
on the plasma-beam discharge, is the radial electric field, which is provided 
directly by the electron beam (Babaritsky et al., 1975a,b; Zhuzhunashvili et 
al., 1975). A schematic of such plasma-centrifuge sustained by an electron 
beam is shown in Figure 12.6. The plasma-beam discharge in this system is 
stable in inert gases at pressures 0.1-1 mTorr, and fills the entire volume of 
the discharge chamber. The maximal magnetic field in the coil center is about 
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FIGURE 12.6 
Electron beam in a magnetic field as the plasma centrifuge. 
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800 kA/m and in the middle of the discharge chamber it is about 500 kA/m. 
This magnetic field is sufficiently large to magnetize not only electrons but 
ions as well. This means that the ion-cyclotron frequency much exceeds the 
frequency of the ion-ion coulomb collisions. Electron energy in the beam is 
about 10 keV and the beam current 1.5 A. The voltage between the electron 
beam and the external wall of the discharge chamber can be chosen to pro- 
vide the ion current from center to the periphery. The radial current in plasma 
varies from 0.1 to 6 A. The plasma in this discharge system is completely ion- 
ized with density about 10'%cm~?; electron temperature is quite high at the 
level of 10 eV; ion temperature is also very high on the level of 2-4 eV. The 
velocity of the plasma rotation in the crossed electric and magnetic fields in 
this system is very high. According to the Doppler shift of argon ions spectral 
lines, this circulation drift velocity is about 5 x 10°cm/ s, which is in good 
agreement with Equation 4.3.17 for drift in the crossed electric and magnetic 
fields. Also the plasma rotation velocity is very high; the related binary mix- 
ture separation coefficient is not significant (see Equation 7.5.4), because the 
ion temperature in the centrifuge is very high. In this case, separation can 
be achieved due to the difference in radial ion currents for components with 
different masses. 


12.3.6 Radial lon Current in Plasma Centrifuges, and Related 
Separation Effect 


In the plasma centrifuges, displacement of ions in radial direction at the 
moment of their formation is due to the combined effects of the electric and 
magnetic fields. This radial displacement A, of an ion is 


1E 
Kea E —s, (12.3.6) 


OBi OBi 


veg = E/B is drift in the crossed electric E and magnetic B fields (Equa- 
tion 4.3.17); and wp; = eB/M; is the ion-cyclotron frequency. The radial ion 
displacement A,, which requires time 1/wg;, occurs once per ion lifetime; this 
can be estimated as the ionization time tion = 1/Vion >> 1/wpj. The average 
ion radial velocity v, can be estimated based on Equation 12.3.7 as 


és E 1 E Vion Even 
= = = M;i. 12.3.7 
Ga ©BiTion B wpi ( eB? ) i ( 


Since the ionization frequency does not depend on the mass of ions, we 
can conclude from Equation 12.3.7 that the average ion radial velocity is pro- 
portional to their mass. Thus the ion current effect, similar to the centrifugal 
effect, results in a preferential flux of heavier particles to the periphery. The 
binary mixture separation coefficient R in Equation 7.5.4 can be expressed in 
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this case as (Ivanov, 2000) 


12 
TE Min - Mit “on /3 | TIR ar 
Ve oT TE 


In (12.3.8) 


F rl 

Here, Mijn, MiL are masses of heavier and lighter ions; Mi; is their reduced 
mass; w is the frequency of ion-ion Coulomb collisions, which provide mutual 
ion diffusion and reduce the separation coefficient; 07; and Fq; are the ionic 
thermal velocity and Larmor radius, calculated for the reduced ionic mass. 
Typical values of the separation coefficients achieved in this type of plasma 
centrifuge are: for an Ar—He mixture R = 6.6, for a Kr—Ar mixture R = 2.5, for 
a Xe-Kr mixture R = 2.0, and for an isotopic mixture 20Ne —22 Ne, R= 1.3 
(Ivanov, 2000). 


12.4 Nonequilibrium High-Pressure Discharges Sustained 
by High-Energy Electron Beams 


12.4.1 Non-Self-Sustained High Pressure Discharges 


Most of the electron beam energy in these systems is spent in ionization 
and electron excitation of neutral species. To provide the necessary energy 
input into vibrational excitation of molecules, additional energy can be trans- 
ferred to the plasma electrons from an external electric field. This electric 
field can be chosen to be sufficiently low to avoid ionization, but optimal 
for vibrational excitation or other processes requiring electron temperature 
at the relatively low level of 1-2 eV. Such non-self-sustained discharges with 
ionization provided by an electron beam and most of energy input due to 
an external electric field are especially important for gas lasers (in particular, 
powerful pulsed CQ) lasers) and high efficiency plasma-chemical systems 
(see Section 5.6.2). These systems were developed by Hoad et al. (1973), 
Basov et al. (1973), Panteleev (1978), and Velikhov et al. (1973, 1975, 1977). 
The discharge aspects of the system was reviewed in detail by Velikhov 
et al. (1987); plasma-chemical processes by Rusanov and Fridman (1984). 
The non-self-sustained discharges are interesting for plasma-chemical and 
laser applications because they can provide a high level of nonequilibrium 
uniform discharges in very large volumes at high pressures (up to several 
atmospheres). An important advantage of these systems is the mutual inde- 
pendence of ionization and energy input in the molecular gas, which permits 
choosing the optimal values of the reduced electric field E/npg (e.g., for vibra- 
tional excitation) without the need to sustain the discharge. It is also important 
that ionization (see Section 6.3.3) instabilities cannot destroy the discharge as 
ionization is independent and is not affected by local overheating. Ionization 
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in such non-self-sustained high-pressure nonequilibrium discharges can be 
provided by not only electron beams, but also by UV-radiation, x-rays, and 
so on. The important advantage of electron beams with respect to these other 
external sources of ionization is the relatively high intensity of ionization at 
the same power consumption. 


12.4.2 Plasma Parameters of the Non-Self-Sustained Discharges 


A general schematic of the discharges sustained by electron beams is illus- 
trated in Figure 12.7. The electron beam is injected into the gas usually normal 
to electrodes across the accelerator’s window closed by a metallic foil. Voltage 
is applied to the further electrode by a capacitor. Thus plasma generation is 
due to the electron beam ionization, and the electric current is provided by 
the applied external electric field. Such discharge systems can be arranged 
both in stationary and in short-pulse regimes. In the short pulse regime, the 
pulse duration is usually about 1000 ns, the electron beam energy about 300 
keV and the beam current density can exceed 100 A/cm?. According to Equa- 
tion 2.2.25, in air at atmospheric pressure, the ionization rate provided by 
such an electron beam reaches ge = 107 cm~3s. Losses of plasma electrons in 
this pulse-beam system are due to the electron-ion recombination and elec- 
tron attachment to electronegative air components followed by the ion-ion 
recombination. These losses can be described by the effective recombination 
coefficient, determined based on the electron balance Equation 4.5.11 as 


kef = kË + oki, (12.4.1) 


where k and kË are the rate coefficients of electron-ion and ion-ion recom- 
bination and ç = k,/kg is ratio of the attachment and detachment coefficients. 
For calculating the electron beam degradation in air, the effective empirical 
recombination coefficient can be taken as: ke ~ 1076 cm3/s. The concentra- 
tion of plasma electrons ne can then be estimated as a simple function of the 
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FIGURE 12.7 
General schematic of a discharge sustained by an electron beam. 
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electron beam ionization rate qe: 


| Ye 


Numerically, for the example given above, the concentration of plasma 
electrons generated by the electron beam is about 1014 cm~’. Thus even at 
atmospheric pressure, electron beams are able to produce a degree of ioniza- 
tion about 3 x 1076; this is high enough to sustain a high level of vibrational 
nonequilibrium (see Equation 5.6.5) and provide effective plasma-chemical 
and laser processes. One should note that the discharges sustained by electron 
beams are effective only if the power and energy input from the electron beam 
is much below those provided by the external electric field. For example, at 
the above-considered values of parameters, the specific power of the pulse 
electron beam can be calculated as 


Pp = qeU; ~ 0.05 MW/cm?, (12.4.3) 


where Uj is the energy price of ionization (see Table 12.1). The specific 
power transferred from the external electric field to the atmospheric pressure 
nonthermal pulse discharge can be estimated as follows: 


Pa = oF? © keynenphw ~ 1MW/cm?, (12.4.4) 


where o is the discharge plasma conductivity; ne, no are plasma electrons and 
neutral gas densities respectively; keyis the rate coefficient of vibrational exci- 
tation of molecules with relevant vibrational quantum hw. If the pulse electron 
beam duration is 1000 ns, the specific energy input from the beam according 
to Equation 12.4.3 is approximately 0.05 J/cm. The specific energy input 
from the external electric field into the discharge according to Equation 12.4.4 
is 1J/cm?, which is 20 times higher. These discharges can be arranged with- 
out essential modifications in pulse-periodic regimes (Rusanov and Fridman, 
1984; Velikhov et al., 1987). The non-self-sustained discharges also can be 
organized in a continuous way. The high-pressure discharges sustained by 
continuous electron beams are discussed by Velikhov et al. (1973, 1975). 


12.4.3 Maximum Specific Energy Input and Stability of Discharges 
Sustained by Short-Pulse Electron Beams 


The optimal specific energy inputs necessary to stimulate endothermic 
plasma-chemical processes are approximately 1 eV/mol, or about 5 J/cm? 
at normal conditions. The minimum threshold values of the specific energy 
input in these systems according to Equation 5.6.15 are about 0.1-0.2 eV/mol 
or 0.5-1 J/cm?. Reaching these energy inputs in nonthermal homogeneous 
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FIGURE 12.8 
Current densities and pulse durations of a stable discharge sustained by an electron beam. 


atmospheric pressure discharges is limited by numerous instabilities. These 
can be suppressed in non-self-sustained discharges, since ionization is pro- 
vided independently by electron beams. Nevertheless, the fast overheating 
instabilities put serious limits on the specific energy input. Especially severe 
instability effects are related to the fast mechanisms of chemical and VV- 
relaxation heat release (see Figure 6.12). The non-self-sustained pulse dis- 
charges can be arranged for much longer duration than the above-discussed 
nanosecond range. The pulse duration can be increased to 10-100 us and 
more. However, at relatively high levels of the discharge specific power, 
duration of the discharge stability is limited. Typical stable values of current 
densities and pulse durations of non-self-sustained discharges are shown in 
Figure 12.8. From this figure one can calculate, that specific energy inputs 
exceeding 0.5 J/cm? require especial consideration of the discharge stabil- 
ity. It is interesting that the above restriction actually divides the effective 
plasma-chemical and effective laser regimes of the discharges. 


12.4.4 About Electric Field Uniformity in Non-Self-Sustained Discharges 


If ionization in the non-self-sustained discharge is provided by an electron 
beam, then high values of the external electric field can result in decrease 
of electron concentration near the cathode. The elevated electric field in the 
cathode layer due to the formed space charge can lead to additional ionization 
exceeding that of the beam. This effect converts the discharge into a self- 
sustained one. Such self-sustained pulse discharges, interesting for special gas 
laser applications, are considered in Basov (1974) and Baranov et al. (1984). 
The electric field uniformity criterion to avoid the ionization in the cathode 
layer is 


A 
X K Eo/Ev (12.4.5) 
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where d is the distance between the electrodes, ^e is the thickness of space 
charge in the cathode layer, Ee is electric field in the cathode layer, and Eg is the 
quasi-uniform electric field. The cathode layer thickness ^c can be estimated 
from the steady-state condition for charged particles in the layer 


i 1 
efe = —Je = z MebetEo, (12.4.6) 
€ 


Ac 


where qe is the ionization rate provided by an electron beam; je is the plasma 
current density; be is the electron mobility. Considering Equation 12.4.2 
for electron density ne, the cathode layer thickness ^e can be found from 
Equation 12.4.6 as 


hain (12.4.7) 


The Gauss equation for the cathode layer where the concentration of the 
ions Mic prevails over that of electrons can be presented for estimations as 


Eo/he = enic/£0. (12.4.8) 


Then the ions concentration ^ic in cathode layer can be expressed from 
Je = nicbieE, (bi is the ion mobility) in the following form: 


Nic = 4/ Jeto /ebe.- (12.4.9) 


Taking E. from Equation 12.4.8 and ^c from Equation 12.4.7 and substituting 
them in the inequality Equation 12.4.5, yields the electric field uniformity 
criterion for the non-self-sustained discharges (Fridman, 1976a,b) as 


bid £0 
Eo « ge T l (12.4.10) 


Numerically, Equation 12.4.10 requires Eg « 10kV/cm at atmospheric 
pressure, electron beam current density 105A / cmĉ, and d = 100 cm. 


12.4.5 Nonstationary Effects of Electric Field Uniformity 
in Non-Self-Sustained Discharges 


The total electric field in the non-self-sustained discharges can be quasi- 
uniform even if criterion (Equation 2.4.10) is not valid and external electric 
field is very high. This can be achieved if the pulse duration is too short 
for significant perturbation. The time of establishing the steady-state electric 
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field distribution can be found from the electric current continuity equation 
including the displacement current: 


3E 
eo- + enicbiEi = enebeEo. (12.4.11) 


It is assumed that major changes of the electric field occur in the cathode 
layer. Then assume that the ion concentration in the cathode layer is in the 
form of Equation 10.4.9 and constant. This leads to the following expression 
for the establishment time of the electric field distribution in the discharge: 


1 1 1 
E= — A 
Vqeebieo [kttebeeo Ne 


T 


(12.4.12) 


If the electron concentration in the atmospheric pressure plasma is ne = 
10cm’, then the establishment time of the electric field distribution is 
about 30 ns. 


12.5 Plasma in Tracks of Nuclear Fission Fragments, 
Plasma Radiolysis 


12.5.1 Plasma Induced by Nuclear Fission Fragments 


The nuclear fission process of interaction between a slow neutron with U?35 
can be presented as 


147 4 geBa’’ + 2on!. (12.5.1) 


oU? + on! — 57La 

The total fission energy is 195 MeV. Most of this energy, 162 MeV, goes into 
the kinetic energy of the fission fragments, barium, and lanthanum (see, e.g., 
Glasstone and Edlung, 1952). Plasma-chemical effects can be induced by the 
nuclear fission fragment if they are transmitted into gas phase before thermal- 
ization. The fission fragment appears in the gas as multiply charged ions with 
Z = 20/22 and initial energy of approximately Eg ~ 100 MeV (Hassan and 
Deese, 1976). Degradation of these fission-fragment-ions in a gas is related to 
the formation of the so-called -electrons moving perpendicular to the fission 
fragment with a kinetic energy approximately eo ~ 100 eV. These 8-electrons 
form a radial high-energy electron beam, which then generates plasma in the 
long cylinder surrounding the trajectory of the fission fragment. This plasma 
cylinder is usually referred to as the track of the nuclear fission fragments. If 
the plasma density in the track of nuclear fission fragments is relatively low, 
then degradation of each 8-electron in the radial beam is quasi-independent. 
The chemical effect of interaction of the independent energetic electrons (or 
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other particles) with molecular gas is called radiolysis. The radiolysis induced 
by high-energy electrons in different molecular gases has been investigated 
in detail (see, e.g., Aulsloos, 1968). This process, mostly related to primary 
ionization and electronic excitation, is not very energy effective but is of inter- 
est for many special applications related to gas and surface treatment. More 
interesting physical and chemical effects can be observed if the plasma den- 
sity in the tracks of nuclear fission fragments is relatively high, and collective 
effects of electron—electron interaction, vibrational excitation, and so on take 
place (Belousov et al., 1979). These effects, usually referred to as the plasma 
radiolysis, require special conditions of the nuclear fragment degradation. To 
determine the nuclear fragment degradation conditions necessary for plasma 
radiolysis, analyze the plasma radiolysis by itself. 


12.5.2 Plasma Radiolysis of Water Vapor 


The energy efficiency of radiolysis is usually characterized by the so-called 
G factor, which shows the number of chemical processes of interest (in this 
case, the number of dissociated water molecules) per 100 eV of radiation 
energy spent. Values of the G-factor of water vapor radiolysis by high-energy 
electrons (in particular, by the 8-electrons in the tracks of nuclear fission 
fragments) can be found as (Pikaev, 1965) 


G l 1 ui (H20) — nO] u (12.5.2) 


100 U;(H2O) Ui (H20) Iex(H20) ui (H20) 


In this relation, Uj(H2O) ~ 30eV is the ionization energy cost for 
water molecules (see Section 12.1.2); Ii (H20) = 12.6 eV, Iex(H20) = 7.5 eV are 
energy thresholds of ionization and electronic excitation of water molecules; 
the factor 1 shows how many times a single electron with energy below 
the threshold of electronic excitation £ < Iex(H20) can be used in the water 
molecule destruction. The first two terms in Equation 12.5.2 are mostly related 
to dissociation through electronic excitation and give the radiation yield 
G ~ 12 mol/100eV (Firestone, 1957), which describes water dissociation by 
-radiation and low current density electron beams. The third term in Equa- 
tion 12.5.2 describes the contribution to H2O destruction of the dissociative 
attachment with a following ion—molecular reaction: 


e+H,O > H-+OH, H~+H),O > H)+OH. (12.5.3) 


The contribution of this mechanism in water dissociation during the con- 
ventional radiolysis is relatively low (u = 0.1, Bochin et al., 1978) because of 
the resonance character of the dissociative attachment cross section depen- 
dence on energy and low ionization degree. The factor u can be significantly 
larger at higher degrees of ionization in plasma because of effective energy 
exchange (maxwellization) between plasma electrons with energies below the 
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threshold of electronic excitation £ < Iex(H2O). Thus, the main plasma effect 
in water vapor radiolysis is related to the maxwellization of plasma electrons; 
this results in growth of the G-factor and an increase of energy efficiency of 
water dissociation and hydrogen production in the system. 


12.5.3. Maxwellization of Plasma Electrons and Plasma Effect 
in Water Vapor Radiolysis 


The critical degree of ionization in the tracks of nuclear fragments neces- 
sary for maxwellization of plasma electrons and realization of the plasma 
radiolysis in water vapor can be found from the kinetic equation for electron 
velocity distribution fe (Bochin et al., 1978): 


O=LIf?- ie ata + feda(v)o[H20] + Za(v)katelH™ ] 
a e AU; IVE AViDUE ENE $ q dre 


+ Z(v)ge — feocivn;. (12.5.4) 


The factor L is given by L = A (e? / meg)2, A is the Coulomb logarithm; Za (v) 
is the normalized electron velocity distribution function after its detachment 
from a negative ion H7; Z(v) is the normalized electron distribution related 
to rate qe of electrons appearance in the energy range below the threshold of 
electronic excitation; oa (v) and of (v) are cross sections of dissociative attach- 
ment and electron-ion recombination; nj; is the positive ion concentration; the 
function Ye(Ù) is determined by 


mA 1 =A Sf mdi md d 
Pe) = Sk | lö — v lfe@ ) do’. (12.5.5) 


Analysis of Equation 12.5.4 shows that effective maxwellization of electrons 
under the threshold of electronic excitation £ < Iex(H2O) takes place when the 
degree of ionization is high 


n T2e2 
70] Sat Te (12.5.6) 


In this criterion, o 6 x 1078cm? is the maximum value of the disso- 
ciative attachment cross section of electrons to water molecules. Numerically, 
at an electron temperature Te = 2 eV, the criterion (Equation 12.5.6) requires 
ne/[H20] > 10~°. Thus, if ionization in a track of nuclear fission fragment is 
sufficiently high (Equation 12.5.6), the effective maxwellization of electrons 
under the threshold of electronic excitation permits the -factor in Equa- 
tion 12.5.2 to increase from about u = 0.1 (typical for conventional radiolysis) 


ee x 
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to higher values determined by the degradation spectrum Z(s) 


B f e Z(e)de 


= , 12.5.7 
Ea fi Z(e) de ‘ 


which can be achieved in the plasma radiolysis. In this relation, I is the 
ionization potential, Z(e) is the degradation spectrum under the threshold 
of electronic excitation determined by Equation 12.2.14, £a is the energy 
necessary for dissociative attachment (see Figure 2.8). Integrating Equa- 
tion 12.5.7 with the degradation spectrum Equation 12.2.14 gives u ~ 1. This 
result indicates that intensive maxwellization of electrons under the electronic 
excitation threshold in water vapor leads almost all of the electrons to disso- 
ciative attachment. Thus, the first two terms in Equation 12.5.2, which are 
related to dissociation through electronic excitation, give the radiation yield 
G © 12 mol/100eV, and the third term in Equation 12.5.2 specific for plasma 
radiolysis gives an additional G ~ 7 mol/100eV, which is due to dissocia- 
tive attachment. This brings the total radiation yield of water dissociation in 
plasma radiolysis to G ~ 19 mol/100 eV, which corresponds to a high water 
decomposition energy efficiency of approximately 55%. 


12.5.4 Effect of Plasma Radiolysis on Radiation Yield of Hydrogen 
Production 


The final saturated products of water radiolysis are hydrogen and oxygen. 
However, the radiation yields of water dissociation discussed above does not 
directly correspond to the radiation yield of hydrogen production because 
of inverse reactions. If the radiation yield of conventional water radiolysis 
reaches G ~ 12 mol/100eV without plasma effects, the corresponding radi- 
ation yield of hydrogen is only G ~ 6mol/100eV (Aulsloos, 1968). Plasma 
radiolysis can bring the total radiation yield of water dissociation to G ~ 
19mol/100eV, the corresponding radiation yield of hydrogen production 
grows in this case to G © 13 mol/100 eV, which indicates an energy efficiency 
of about 40% (Belousov et al., 1979). The energy efficiency of hydrogen pro- 
duction in the process of water vapor dissociation during radiolysis strongly 
depends on the gas temperature and the intensity of the process (Dzantiev 
et al., 1979). This is related to the fact that the primary products of water 
dissociation related to mechanisms of electronic excitation and electron-ion 
recombination are atomic hydrogen H and the hydroxyl radical OH. For- 
mation of molecular hydrogen is then related to the following endothermic 
bimolecular reaction: 


H +H20 —> H2 +OH, £,=0.6eV. (12.5.8) 
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The reverse reactions leading back to forming water molecules is three- 
molecular recombination: 


H +OH +M > H,0+M, (12.5.9) 


which is 100 times faster than molecular hydrogen formation in the three- 
molecular recombination: 


H+H+M > H; +M. (12.5.10) 


High intensity of radiolysis leads to higher concentration of radicals and 
therefore, to a larger contribution of the three-molecular processes and lower 
radiation yield of hydrogen. The radiation yield can be increased with temper- 
ature, which intensifies the endothermic reaction (Equation 12.5.8). Hydrogen 
production in the specific reactions of plasma radiolysis (Equation 12.5.3) has 
no energy barrier and proceeds faster than inverse processes (Equation 12.5.9). 
This makes the plasma radiolysis effect especially important at high process 
intensities, which can be achieved in the tracks of nuclear fission fragments. 


12.5.5 Plasma Radiolysis of Carbon Dioxide 


Radiation yield of CO2 dissociation, similar to the case of water vapor radi- 
olysis, is determined by the conventional term G,,q typical for radiation 
chemistry, and by a special plasma radiolysis term related to the contribution 
of electrons under the threshold of electronic excitation. The first conventional 
radiolysis term, similar to Equation 12.5.2, is due to electronic excitation and 
dissociative recombination and can reach a maximum Graa © 8 mol/100eV 
(Aulsloos, 1968). In this case, the main contribution of the low energy electrons 
(under the threshold of electronic excitation) is due to vibrational excitation 
of CO2 molecules, which is proportional to the degree of ionization ne/no in 
the track of nuclear fission fragment: 


I 
Kin | Joe ees (12.5.11) 
no | cy fo Z(e) de 


Here, cy is the specific heat related to the vibrational degrees of freedom of 
CO? molecules; the factor in parentheses is determined by the degradation 
spectrum of -electrons in tracks and numerically is several electronvolts. 
Plasma effects in CO? radiolysis are related to stimulation of the reaction 


O+CO, > CO+0O; (12.5.12) 


by vibrational excitation of CO2. This reaction prevails over three-molecular 
recombination of oxygen: 


O+0+M>0.+M (12.5.13) 
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at vibrational temperatures corresponding in accordance with Equation 
12.5.11 to the degree of ionization ne/no > 1073. In this case, the radiation 
yield of CO2 dissociation becomes two times larger than in conventional 
radiolysis and reaches Gyaq % 16 mol/100 eV. This corresponds to an energy 
efficiency of about 50%. The radiation yield of CO in conventional radiolysis 
is suppressed by inverse reactions: 


O+CO+M > CO: +M, (12.5.14) 


which are much faster at standard conditions than recombination (Equa- 
tion 12.5.13). This is because CO concentration usually exceeds the concen- 
tration of atomic oxygen. As a result, the radiation yield of conventional CO2 
dissociation Gyaq % 8 mol/100 eV leads to a radiation yield of CO production 
of only G ~ 0.1 mol/100 eV (Hartech and Doodes, 1957). Only high intensity 
radiolysis, which provides large concentrations of oxygen atoms, permits sup- 
pressing the inverse reactions (Equation 12.5.14) in favor of Equation 12.5.13 
and increase the radiation yield (Kummler, 1977). This can take place not only 
in tracks of nuclear fission fragments but also in the radiolysis provided by 
relativistic electron beams. High intensity of radiolysis increases the radiation 
yield of CO production in contrast to the case of hydrogen production (Sec- 
tion 12.5.4). This is because the rate coefficient of Equation 12.5.13 exceeds 
that of Equation 12.5.14. 


12.5.6 Plasma Formation in Tracks of Nuclear Fission Fragments 


As demonstrated above, the energy efficiency of endothermic chemical pro- 
cesses can be increased by a factor of two when the degree of ionization in 
the tracks of nuclear fission fragments exceeds some critical value (1074 for 
H2O and 107° for CO»). For this reason analyze the degree of ionization in the 
tracks of fragments, which is provided by the degradation of $-electrons with 
kinetic energy £ + 100eV formed by the fragments. At first, let us assume 
that the degradation length of the fragments can be presented as 


Ane2Egmv 2mv~ 
ho = —2 In“! i 12.5.15 
o= moZe? ( T ( ) 


Here, v, Ze, and Eo are velocity, charge, and kinetic energy of the nuclear 
fission fragments; m and e are mass and charge of an electron; Zo is the sum 
of charge numbers of atoms forming molecules, which are irradiated by the 
nuclear fragments; no is gas density; I is the ionization potential. The num- 
ber of energetic -electrons formed by the nuclear fission fragment per unit 
length is 


Z? Zoet 2mv* 
mate ne (12.5.16) 
Anggmv-es I 
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For example, generation of the -electrons in water vapor at atmospheric 
pressure is characterized by Ns = 10°cm7!, that in carbon dioxide is Ns = 3 x 
10° cm—!. The tracks start with very narrow channels of complete ionization. 
The radius of these initial completely ionized channels is 


Ze? 2mv* 
n= C — inf 2 | x3 x 10-8em. (12.5.17) 
2mEgv./Mes I 
After the initial track (Equation 12.5.17) expansion is at first free and colli- 
sionless, when the radius r of the channel is less than length i; necessary for 
ionization, then the expansion mechanism becomes diffusive. 


12.5.7 Collisionless Expansion of Tracks of Nuclear Fission Fragments 


Analyzing the collisionless track expansion, two different regimes can be 
noted depending on the linear density of -electrons N3. If the linear density 
is sufficiently high 


Ns > 4neo = int(™) ~ 108cm}, (12.5.18) 
e ro 

then the plasma remains quasi-neutral during the collisionless expansion. 
In the opposite case of low linear density, when N; < 108 cm7!, electrons 
and ions are independent during the expansion. In the case of high linear 
density of 8-electrons (Equation 12.5.18) and hence quasi-neutral plasma, the 
collisionless expansion of the plasma channel can be described by the system 
of equations, which includes a dynamic equation 


> 


ma = -Te grad n, (12.5.19) 


(Te is the electron temperature) and the continuity equation for ion concen- 
tration ni and ion velocity vi 


i + div(nd) = 0. (12.5.20) 


Considering the axial symmetry of the system, the above system of 
equations can be reduced to an ordinary differential equation, using the 
auto-model variable § = r/t 


M 
Te 


v ðv v 
= ; 12.5.21 
sT E CEREN 


ð 
2 
Q ae 
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The solution of the equation can be presented as the function of the auto- 
model variable: 


Ht + csiV1+ 26). (12.5.22) 


Here, csi = ,/Te/M is the ionic sound velocity, and the special function 
Q (E) is 
Qe) x1— Si 4 (= i + 26 (12.5.23) 
25 25 ES 


In this case, the distribution of ion concentration in the expanding plasma 
channel also can be expressed as a function of auto-model variable 


n(&) x ep] - | Vit ROS | : (12.5.24) 


Csi 


Equations 12.5.22 and 12.5.24 permit to determine the average square of the 
ion velocity: 


(v*) = poro dé. (12.5.25) 


This integrations leads us to the important conclusion that about 2/3 of 
the total initial energy of the 8-electrons is going into directed radial motion 
of ions. 


12.5.8 Energy Efficiency of Plasma Radiolysis in Tracks of Nuclear 
Fission Fragments 


Two-thirds of the -electrons energy (of about 100 eV) is transferred at Ns > 
108 cm7! into radial motion of ions. However, the efficiency of the 70 eV ions 
in ionization processes and in chemical reactions is very low. Thus one can 
conclude that high linear density of -electrons electrons (Ns > 108cm7!) is 
not effective in plasma radiolysis. Improved energy efficiency can be achieved 
during the expansion of the initial track, when the linear density of 8-electrons 
electrons is relatively low (N; > 108 cm~!), electrons do not draw ions with 
them and transfer most of their energy into ionization and excitation of the 
neutral gas; this is quite useful in plasma chemistry. In this case, the radius 
of the tracks can be determined by zi ~ 1/no0;, where o; is cross section of 
ionization provided by -electrons electrons. The degree of ionization in the 
tracks of nuclear fragments can be then calculated as 


3Zoefo2 \ (Z\2 
ten ( = ) ( ) ne. (12.5.26) 
no 4negmEs (4 


844 Plasma Physics and Engineering 


CO, 
H,O 


relative units 


Energy efficiency 


10 20 30 50 100 
p, atm 


FIGURE 12.9 
Energy efficiency of water vapor and carbon dioxide dissociation as a function of pressure. 


The degree of ionization in the plasma channel of the nuclear tracks is 
proportional to the square of the neutral gas density and pressure. Numer- 
ically, at atmospheric pressure, the degree of ionization in the tracks of 
nuclear fragments in water vapor is ne/no © 1076, in carbon dioxide it is 
about ne/no ~ 3 x 1076. The necessary degree of ionization for significant 
plasma effects in radiolysis (which can be estimated for water and carbon 
dioxide as 1074/107) cannot be achieved at atmospheric pressure. How- 
ever, considering ne/no x ne, the sufficient degree of the ionization can be 
achieved by increasing pressure to 10-20 atm. Further pressure increase is 
limited by the criterion opposite to Equation 12.5.18. At high pressures, the 
linear densities Ns are also high, and the main portion of electron energy is 
ineffectively lost in favor of ions. The ion heating and transfer to thermal 
plasma in the tracks takes place in water vapor at pressures of 100 atm, and 
in carbon dioxide at pressures about 30 atm. The dependence of the energy 
efficiency of water and carbon dioxide decomposition in the tracks of nuclear 
fission fragments is shown on Figure 12.9; this is in qualitative agreement 
with experiments of Hartech and Doudes (1957). In principle, the highest val- 
ues of energy efficiency of water and carbon dioxide decomposition in the 
tracks of nuclear fission fragments can be achieved if 8-electrons electrons 
transfer their energy not directly to neutral gas by different degradation pro- 
cesses (see Section 12.2) but rather through intermediate transfer of most of 
energy to plasma formed in the tracks. In this case, the major part of the 
energy of nuclear fragment can be transferred to plasma electrons by mech- 
anisms similar to those in plasma-beam discharges described in Section 12.3. 
Then the energy of plasma electrons can be transferred to the effective chan- 
nels of stimulation of plasma-chemical reactions, in particular to vibrational 
excitation. Thus, nuclear fission fragments can transfer their energy in such 
systems mostly to formation of chemical products (in particular, in hydro- 
gen) rather than heating. The chemo-nuclear reactor based on such principles 
actually can be “cold,” because only a small portion of its energy generation 
is related to heating. Such nuclear reactor was considered in detail in Bochin 
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et al. (1983). In the tracks of -particles with energies about 1 MeV, the factor 
Z/v in Equation 12.5.26 becomes lower with respect to the case of nuclear 
fission fragments. Then the pressure interval, optimal for plasma radiolysis 
provided by a-particles, is shifted to a higher-pressure range and becomes 
wider. 


12.6 Dusty Plasma Generation by a Relativistic 
Electron Beam 


12.6.1 General Features of Dusty Plasma Generated by Relativistic 
Electron Beam Propagation in Aerosols 


The high-energy electrons are able to ionize both neutral gas and aerosols, 
while the energies of photons are sufficient only for ionization of dust particles 
with relatively low work functions. The charge of macro-particles irradiated 
by an electron beam is determined by two main effects. One effect is related to 
neutral gas ionization and plasma formation, which leads to negative charg- 
ing of macro-particles due to electron mobility prevailing over that of ions 
(Rosen, 1962; Dimick and Soo, 1964). The second effect is related to secondary 
electron emission by electron impact from the aerosol surfaces, which tends 
toward positive charging of aerosols. Actually the competition between these 
two ionization effects determines the composition and characteristic of the 
dusty plasma irradiated by electrons. Special interest is directed toward inter- 
action of B-radiation (which can be considered as a low current high-energy 
electron beam) with aerosols, and to plasma formation and charging related to 
-active hot aerosols. Considering the interaction of -radiation with aerosols 
in air, one should take into account the fact that low electron fluxes usually 
leads to fast attachment of plasma electrons to electronegative molecules and 
to electron conversion into negative ions; this makes the of negative charging 
not so strong (Fuks, 1964). The B-active hot aerosols present an example of 
dusty plasma (Ivanov, 1969, 1972; Kirichenko, 1972). In this case, the elec- 
tron density in the volume is relatively low, and the macro-particle charge 
becomes positive. At B-radiation rates exceeding one electron per second per 
particle, the total positive charge of the dust particles usually exceeds hun- 
dreds of elementary charges. For this case, analysis of macro-particles heating 
and evaporation was presented by Vdovin (1975). 


12.6.2 Charging Kinetics of Macro-Particles Irradiated by Relativistic 
Electron Beam 


In this system, the average charge of macro-particles is determined by elec- 
tron and ion fluxes to the surface of the particles, and by secondary electron 
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emission induced by the electron beam. Steady-state kinetics of charged 
particles can be then described by the following system of equations: 


NebVebNpoi = ofl Deneni + fi (ni, Za)Ma, (12.6.1) 
NebVep Tre (8 — 1) + fi (i, Za) = fe(Ne, Za), (12.6.2) 
Ne = Ni + Zana. (12.6.3) 


In this system of equations, nọ, na, ni, ne, and nep are the concentrations of 
gas, macro-particles, ions, plasma and beam electrons respectively; Za is the 
average charge of an aerosol particle; vep and Ve are the velocities of beam elec- 
trons and plasma electrons; oj and o$}, are the averaged effective cross sections 
of gas ionization by the beam electrons and the electron-ion recombination 
(effectively taking into account possible electron attachment in electroneg- 
ative gases, see Section 4.5.2), è is the coefficient of the secondary electron 
emission from the aerosol surfaces, fi (ni, Za), and fi (ne, Za) are the fluxes of 
plasma ions and electrons on the aerosol surfaces (see Rosen, 1962; Dimick 
and Soo, 1964), and ra is the average radius of macro-particles. Equation 12.6.1 
describes the balance of ions, Equation 12.6.2 describes the macro-particles 
charge, and Equation 12.6.3 is the quasi-neutrality condition. 


12.6.3 Conditions of Mostly Negative Charging of Aerosol Particles 


Most aerosols are negatively charged if the secondary electron emission from 
their surfaces can be neglected 


NnebUeb nri — 1) K fili, Za). (12.6.4) 


Assuming a Bohm flux of ions on the aerosol surfaces, and that electron- 
ion recombination mostly follow volume mechanisms (which takes place at 
moderate electron beam densities jep > 100 pA /cm?), the inequality (Equa- 
tion 12.6.4) can be rewritten as a requirement of relatively low electron 
concentration in the beam and hence, a low value of the electron beam current 
density (Fridman, 1976a,b) 


Oi Ue 1 m 
oft. Veb (8 — 1)? M’ 


rec 


Neb K No (12.6.5) 


where m and M are, respectively, electron and ion masses. Numeri- 
cally, criterion (Equation 12.6.5) of negative charging of the aerosol par- 
ticles means nep < 3 x 107 cm~, if de = 108cm/s, o; = 3 x 107!8cm?2, Veb = 
3x 10cm /s, Oa: =10-'em?, 8 =100 (which corresponds to a particle 
radius rg = 10 um), m/M = 10-4, no =3 x 101cm. According to Equa- 
tion 12.6.5, the electron beam current density should be relatively low (jeb < 
0.1 A/cm?) to have mostly negative charging of the aerosol particles and to 
have negligible secondary emission from the macro-particle surfaces. 
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12.6.4 Conditions of Balance between Negative Charging of Aerosol 
Particles by Plasma Electrons and Secondary Electron Emission 


At higher electron beam current densities, the contribution of secondary elec- 
tron emission becomes more important. At the critical electron density in the 
beam 


Oi Ve Nag nr? Ui 

Nebo = No sei, van ~ 12 h —(8 J (12.6.6) 
and corresponding electron beam current density, the average charge of 
aerosol particles becomes equal to zero Za = 0. In Equation 12.6.6, the aver- 
age ion velocity 0; ~ 10°cm/s, and the aerosol particle concentration na 
is to be less than 10?cm~3. Expressions for the electron and ion fluxes 
fi(ni, Za), and fe(ne, Za) become simple, if macro-particles are not charged; 
this makes solving Equations 12.6.1 through 12.6.3 easy. At the above values 
of parameters Equation 12.6.6 gives nebo = 3 x 10!!cm7°. This means that 
the contribution of secondary electron emission becomes significant and the 
average charge of macro-particles becomes equal to zero, when the current 
density of the relativistic electron beam jeb increases to jebo = 10°A/cm?. In 
this case of uncharged aerosol particles, plasma density in the heterogeneous 
system can be given by 


oj 1 


aa, 12.6.7 
HESI Mae!) 


Ned = 


which numerically gives neo © 10!6cm-3. 


12.6.5 Regime of Intensive Secondary Electron Emission, Conditions 
of Mostly Positive Charging of Aerosol Particles 


If jeb < jebo, aerosol particles are negatively charged. When the electron beam 
current density exceeds the critical value jebo (Equation 12.6.6), the contribu- 
tion of the secondary electron emission becomes so significant that the aerosol 
particles become positively charged. Consider this case assuming that the total 
charge of particles does not affect the balance of electron and ion densities: 


Zana K Ne © Nj. (12.6.8) 
When macro-particles are positively charged they attract electrons, and the 


electrons flux to the aerosol surface can be estimated as: 


` Zae? 
felne, Za > 0) © neer? ( + a ; (12.6.9) 
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where Te is the temperature of plasma electrons. Equations 12.6.1 through 
12.6.3 can be rewritten in this case as 


NebVebN00; = of nDe (12.6.10) 
7 Zae? 
NebUeb lè — 1) = nee ( + tae 7 ) : (12.6.11) 
ate 


This system determines the average positive charge of an aerosol particle 


in the following form: 
4 T, j 
eae Eh (12.6.12) 
e Jebo 


Obviously, Za = 0 when the electron beam current density is equal to the 
critical current density jeb = jebo. The concentration of plasma electrons and 
ions in this regime can be expressed as follows: 


Me = neo, | 2. (12.6.13) 


The sufficient condition of equality of electron and ion densities (Equation 
12.6.8) becomes 


Ameorale Na 


> <1, (12.6.14) 
e 


NeQ 
which is valid at the above considered values of parameters. The time nec- 
essary for establishing these steady-state conditions of a relativistic electron 
beam interaction with aerosols can be found as 

Ned 1 


ES = . (12.6.15) 
NeboONOGiVeb — NebOVebO fac (ð — 1) 


This time can be estimated as t ~ 10 ns. Hence, the results for steady-state 
systems can also be applied for the pulsed relativistic electron beams, where 
typical pulse duration is about 100 ns. 


12.6.6 Electron Beam Irradiation of Aerosols in Low Pressure Gas 


In the case of low pressure (no — 0), the positive ions in the volume are absent 
and the particles are positively charged at any electron beam current densities. 
Then the system of Equations 12.6.1 through 12.6.3 can be simplified to 


NebUeb Tra (8 — 1) = fe (e, Ze), (12.6.16) 
Ne = NaZa. (12.6.17) 
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Because particles are positively charged, they attract electrons; the electron 
flux to the aerosol surface fe(nle, Za) > 0 can be also estimated in this case 
using Equation 12.6.9. Then the average positive charge of an aerosol particle 
Za in a low-pressure gas can be calculated from the formula: 


4 T, 
Na Na Ve Na Ve e 


The approach in general (no — 0), and Equation 12.6.18 are valid only if 
no < Zana, Where the average macro-particle charge Za is determined from 
Equation 12.6.8. 


PROBLEMS AND CONCEPT QUESTIONS 


1. Relativistic effects in electron energy loss function L(E). Using the Bethe 
formula (Equation 12.1.2), analyze the relativistic effect on the elec- 
tron energy losses related to stopping a relativistic electron beam 
in a neutral gas. Interpret the effect and calculate the values of the 
energy losses function L(E) in air for nonrelativistic 10 keV electrons 
and relativistic 1 MeV electrons. 

2. Ionization energy cost at gas irradiation by high-energy electrons. Using 
Table 12.1, calculate the fraction of the electron beam energy going to 
excitation of neutral species in different molecular and atomic gases. 
Analyze Table 12.1 and explain why the ionization energy cost in 
molecular gases exceeds that for inert gases? Why the ionization 
energy cost in He is the largest between inert gases? 

3. Stopping length of relativistic electron beams in atmospheric air. Using 
Equation 12.1.4, calculate the initial energy of a relativistic electron 
necessary to provide its stopping length along a trajectory exceeding 
1 m. Calculate the relativistic factor for this electron. Estimate the 
stopping length along the beam axis in this case. 

4. Critical Alfven current for electron beam propagation. Derive Equa- 
tion 12.1.6 for the limiting case of a relativistic electron beam 
propagation related to self-focusing in its own magnetic field. Con- 
sider that the Alfven current gives the inherent magnetic field of the 
beam, which makes the Larmor radius (Equations 6.2.25) less than 
half the beam radius. 

5. Bethe—-Born approximation of degradation spectrum. Derive the solution 
(Equation 12.2.12) of the Alkhazov’s equation in the Bethe-Born 
approximation taking into account only the ionization by pri- 
mary electrons. Analyze the derived expression of the degradation 
spectrum. Explain why this simple formula gives only qualitative 
features of the degradation spectrum. 

6. Analytical solutions of Alkhazov’s equation. Compare the analytical 
solutions of the Alkhazov’s equation (Equations 12.2.13 and 12.2.14) 
for electron energies above and below the excitation threshold. 
Using the degradation spectrum (Equation 12.2.14) and its relation 
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with electron energy distribution function, calculate the average 
electron energy under the excitation threshold. 

7. Energy cost of ionization and excitation at electron beam stopping in gases. 
Using the data presented in Table 12.2, calculate the energy cost of 
ionization and excitation of electronic and vibrational excited states 
in hydrogen irradiated by electron beam of energy 1 MeV and 1 keV. 
Compare the energy costs of ionization and vibrational excitation 
for 1 MeV and 1 keV electron beams. 

8. Operation conditions of plasma-beam discharges. The principal oper- 
ational condition Equation 12.3.1 of plasma-beam discharges 
requires the beam energy dissipation into Langmuir oscillations to 
exceed the beam energy losses in electron—neutral collisions. Actu- 
ally the criterion (Equation 12.3.1) determines the upper limit of 
effective operation of the plasma-beam discharges. Give a numeri- 
cal estimation of the pressure limit, taking the characteristic beam 
parameters from Section 12.3.1. 

9. Limitation of Langmuir noises for efficient vibrational excitation in 
plasma-beam discharges. Vibrational excitation of molecules requires 
sufficient specific power of plasma-beam discharges, which leads 
to the limitation (Equation 12.3.5) of the minimal level of Langmuir 
noise W/neTe. Derive the criterion (Equation 12.3.5) and analyze 
the value of the minimal level of Langmuir noise W/neTe. 

10. Plasma-beam discharge parameters in molecular gases. Analyze the 
dependence of the degrees of ionization, level of Langmuir noise 
W/neTe, and electron energy in the plasma-beam discharge in 
hydrogen as a function of vibrational temperature. This is shown 
in Figure 12.4 for two different values of the parameter W/p. 
Explain why higher electron densities correspond to lower val- 
ues of W/neTe, and to lower level of average electron energy in 
plasma-beam discharges. 

11. Plasma-beam discharge in crossed electric and magnetic fields. In the 
plasma centrifuge based on the plasma-beam discharge, the radial 
electric field is provided directly by the electron beam. Derive a 
relation for the drift velocity in the crossed electric and magnetic 
fields in this system as a function of magnetic field and the elec- 
tron beam current density. Use the derived relation to calculate the 
plasma rotation velocity for the plasma-beam discharge parameters 
given in Section 12.3.5. 

12. Magnetized ions separation effect in plasma centrifuge based on plasma- 
beam discharge. Analyze the displacement of ions in the radial 
direction at the moment of their formation due to the combined 
effect of the electric and magnetic fields. Derive Equation 12.3.6 
and explain why the velocity in this relation corresponds not to the 
thermal one, but rather to the velocity of the centrifugal drift in the 
crossed electric and magnetic fields. 

13. Stable regimes of non-self-sustained discharges with ionization provided by 
high-energy electron beams. The relatively high levels of the discharge 
specific power given by Equation 12.4.4 can be stable only at lim- 
ited values of the discharge durations. The stable values of current 
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14. 


15. 


16. 


17. 


18. 


densities and pulse durations of the non-self-sustained discharges 
are shown in Figure 12.8. Using data presented on this figure, esti- 
mate the maximum values of the specific energy input for the pulse 
discharge sustained by a relativistic electron beam. 

Uniformity of non-self-sustained discharges with ionization provided by 
high-energy electron beams. High external electric field can result in 
a decrease of electron concentration near cathode and hence, leads 
to elevated electric field in the layer. Using Equation 12.4.10, calcu- 
late the maximum external electric field (at atmospheric pressure, 
electron beam current density 10° A/ cm? ,and d = 100cm), which 
does not lead to essential additional ionization in the cathode layer. 
Plasma radiolysis of carbon dioxide. The plasma effect in CO? radiol- 
ysis is related to stimulation of the reaction O + CO2 —> CO + O2 
by vibrational excitation of CO2 molecules, which then prevail over 
three-molecular recombination O + O + M — Oz + M. Determine 
the vibrational temperature of CO2 molecules necessary for the 
plasma effect, assuming that the necessary degrees of ionization 
satisfy the requirement ne/no > 10-3. 

Initial tracks of nuclear fission fragments. Derive Equation 12.5.17 for 
the radius of the initial completely ionized plasma channel formed 
by the tracks of the nuclear fission fragments. Explain why the 
plasma in these channels is completely ionized. Using the derived 
equation calculate the radius of the initial tracks and compare it 
with the mean free path of electrons and the length necessary for 
ionization and electronic excitation provided by the 8-electrons. 
Tracks and plasma effects in radiolysis provided by a particles. Using 
Equations 12.5.26 and 12.5.18 estimate the optimal pressure range 
for plasma radiolysis in water vapor and carbon dioxide provided 
by a-particles with energies about 1 MeV. Compare the physical 
and chemical characteristics of the tracks made by a-articles and by 
nuclear fission fragments. 

Relativistic electron beam in aerosols. Analyze the system of Equations 
12.6.1 through 12.6.3 describing the charging of aerosol particles ina 
plasma generated by a relativistic electron beam for the case when 
the predominant electron flux to the aerosols is balanced by sec- 
ondary electron emission and the average charge of macro-particles 
is equal to zero. Derive the expressions for electron beam current 
density that are related to Equation 12.6.6 and to plasma density 
Equation 12.6.7. Assume that expressions for the electron and ion 
fluxes fi (ni, Za), fe(Ne, Za) can be taken in this case in a simple way 
without taking into account electrostatic effects related to aerosol 
particles. 
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